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The body of work on polymerized ionic liquids has been growing rapidly
in recent years as researchers expand the synthesis space to achieve novel mem-
brane materials with high conductivity, excellent mechanical stability, and high
transference number. Despite progress in identifying specific new polymers
and useful properties, there has been limited agreement over the mechanism
for ion transport in these materials. It is essential that we resolve said mech-
anism for polymerized-ionic-liquid conduction, with the goal of streamlining
future material design. Molecular dynamics is an excellent tool for analyzing
local coordination behavior, ion-hopping pathways, and other phenomena of
length- and time-scales that are currently inaccessible to direct experimental
observation.
Ion transport is seen to proceed via a “climbing the ladder” mechanism
involving the formation and breaking of ion-association pairs with, on average,
viii
four polymerized ions from two polymer chains. This results in a link between
ion-association lifetime and diffusivity for chemically similar polymerized ionic
liquids, a feature that distinguishes polymerized ionic liquids from a broad
class of polymer electrolytes and low fragility ionomers. This is also shown to
be the case for a set of backbone-polymerized ionic liquids, when compared
to a chemically similar pendent-polymerized ionic liquid. This is particularly
interesting because the pendent architectural motif proves to have significantly
higher reversibility of ion-hopping events. The application of design rules
inspired by this research has already led to the experimental discovery of highly
decoupled polymerized ionic liquids with excellent conductivity at ambient
temperature.
Parametric simulation studies of poly(vinylimidazolium) polymerized
ionic liquids and counterion variants have revealed a decoupling of ion mobil-
ity from polymer segmental dynamics. Small counterions are generally more
decoupled, but results show that size is not the sole arbiter. For this set of dif-
ferent chemical components, encompassed by the anionic study, ion-association
relaxation time, rather than lifetime, was proven to better correlate with dif-
fusivity. Similar physics is observed between polymerized ionic liquids and
salt-doped polymerized zwitterions for the population of mobile ions whose
polymerized counter-charge is located on the end of a monomeric pendant.
However, the cage-relaxation timescale appears to correlate better with diffu-
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Chapter 1
Introducing polymerized ionic liquids for
battery electrolytes
In 2017 and 2018, the United States government released coupled in-
stallments of the fourth national climate assessment [249, 336]. Therein, the
authors asserted that global temperature change over the past century is con-
sistently attributed to human activities, especially through the emission of
greenhouse gases such as carbon dioxide. Industrial emissions and fossil-fuel-
sourced electricity can be curbed using capture, storage, and utilization tech-
nologies [8, 150, 171]. We already collectively use a diverse mixture of energy
sources for producing electricity, ranging from traditional fossil fuels and nu-
clear power to renewable technologies such as wind and solar. Transitioning the
transportation sector to electric power can boost results further. Simultane-
ously, improvements in energy storage technologies are required for terrestrial-
grid applications, to ensure that the lights stay on during peak consumption
periods, as well as during non-generating hours for renewable sources. The
central need of both of these challenges is improved battery technology.
1
1.1 Background and Motivation
What are the canonical challenges in battery design and performance
optimization? Tarascon reviews them in a 2001 article, highlighting electrode
capacity/resistance and resistive-layer deposition during operation, along with
various features of electrolyte design [303]. Specifically, the electrolyte must
be a good ionic conductor and electronic insulator, inert to other cell compo-
nents, thermally stable, non-volatile at operating temperatures, sustainable,
and cheap [175]. It must also be mechanically stable. In lithium-ion batteries,
a compressible electrolyte requires a shear modulus of greater than that of the
electrode to maintain interfacial stability [221]. Instability can lead to surface
roughness or dendrite formation. Dendrites are formed by targeted ion deposi-
tion that branches through the electrolyte. When branches reach the opposite
electrode, it causes a short circuit, which can lead to rapid and potentially
explosive discharge of stored energy [173, 264]. This has been documented
to cause safety issues, including overheating and flammability in lithium-ion
batteries [128, 155].
Safety is a critical aspect of battery electrolyte design. Flammability
has already been addressed, in part, with respect to dendrite formation [128].
Enhanced chemical stability of electrolyte components prevents decomposition
products from leaking, volatilizing, or causing uncontrolled decomposition,
leading to runaway reactions. Non-volatility is an important property for any
native and decomposition products, since flammability is often predicated on a
non-negligible vapor pressure [66]. Furthermore, non-volatility prevents vapor
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pockets from forming internally, which could pose explosion risks, as well as
reduce battery performance. Non-toxicity is also a key property, in case leaks
occur where batteries are deployed to countless applications where people and
animals could come into contact with the encased electrolyte or additives [175].
Finally, we wish to maximize battery performance, including conductiv-
ity and ion selectivity, which is quantified by the lithium-transference number
in lithium-ion batteries. An improved lithium-transference number reduces
the buildup of counterions near an electrode, termed concentration polariza-
tion [140, 197, 198].
What material design strategies are being used to progress the field?
Polymer electrolyte membranes have been a keen target for researchers, with
improved mechanical strength and discharge rate, which enhance the safety
characteristics of the electrolyte. However, they do show reduced conductivity
compared with their liquid-media counterparts. A enormous body of work has
been devoted to understanding the transport mechanism of ions in polymer
electrolytes due to their importance in battery-electrolyte membranes.
Intra-chain, inter-chain, and cooperative motion have all been explored
as possible contributors to lithium conduction in salt-doped electrolytes. Did-
dens et al. explored a lithium salt in poly(ethylene-oxide) membranes, iden-
tifying a common motif of two chains solvating a lithium, with motion of
lithium along each chain, independent of the others [76]. They concluded that
intra-chain motion better predicts ion-transport behavior, a conclusion which
was supported by Borodin [29]. Borodin wrote, in numerous studies, that
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there is strong coupling between lithium diffusion and monomeric displace-
ment via polymer segmental relaxation, which was investigated further using
many-body polarizable force fields in simulation [27, 30, 31, 33–35]. Borodin
later posed two key mechanisms for lithium diffusion in solvent-containing
polymer-electrolyte membranes: vehicular diffusion and solvent exchange [32].
More recently, it has been discovered that there is a competition be-
tween increasing concentration of charge carriers and slowing polymer seg-
mental relaxation dynamics in salt-doped polymer electrolytes [220, 330, 331].
And some extent of decoupling has been observed between conductivity and
polymer segmental dynamics for systems with continuous paths of solvation
sites, allowing lithium to shuttle along the polymer [239, 328].
Non-ionic-liquid single-ion conductors have also been explored in an
effort to increase transport selectivity [103,350]. Over a decade of study led to
the unearthing of a novel ion-transport mechanism. Some studies continued
to show strong coupling between polymer segmental dynamics and conduc-
tivity, arguing that single-ion conductors should be designed with weakened
ionic interactions and faster backbone relaxation rates [80, 95, 177, 322]. Oth-
ers showed strategies for improving conductivity without sacrificing segmental
dynamics. Liang et al. were able to improve conductivity relative to glass-
transition-normalized temperature by manipulating the backbone (polysilox-
ane for flexibility and low viscosity) and anion electronegativity (borate rather
than nitrogen- or fluorine-containing compounds) [176].
Ionic aggregation has also been widely explored as a key to ion conduc-
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tion in these materials. Several studies reported on chain-like aggregates that
demonstrate fast ion conduction, despite aggregation [178, 284, 285]. Mean-
while, more aggregation and superior conductivities were reported in monomers
with long side chains, further supporting the notion that aggregation in-
creases conductivity [59]. Many studies explored ion transport in precise
ionomers, which consist of ionic repeat units with a precise number of back-
bone atoms separating each ionic unit [41–43, 307, 308]. Hall and coworkers,
in a series of studies, contributed deep understanding of structure in precise
ionomers and reported faster dynamics once the ionic aggregates became per-
colated [41–43, 119, 121, 122].
Other researchers produced some of the earliest reports of ion-hopping
mechanisms in single-ion-conducting materials. Milner and coworkers used
coarse-grained molecular dynamics to show that ion transport is mediated
through consecutive coordination with ion pairs [192,193]. Reports of transient
triple ions with two ions and one covalently bound counterion informed a
proposed hopping mechanism in related studies [95, 160].
Introducing a more delocalized charge distribution in the tethered ions
has demonstrated improvement in ion conductivity and transference number
in single-ion conductors [196, 245]. Ionic liquids consist of salt-components
which have highly delocalized charge distributions, reducing intermolecular
interactions and lowering boiling point. Ionic liquids have been explored as
candidates for battery electrolytes, owing to their excellent chemical stability,
low volatility, and compatibility with battery components [9, 115, 231]. How-
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ever, because of their liquid nature, ionic liquids suffer from the effects of
charge polarization, the phenomenon of coordinated diffusion that can lead
to high impedance, voltage loss, and unwanted side reactions. Their liquid
nature also bestows poor mechanical properties, which are unsuitable for stop-
ping dendrite penetration. They also suffer other negative effects, including
leaching, swelling, and potential containment loss [177, 204, 300, 326].
Incorporating ionic-liquid components into single-ion conductors in-
creases charge delocalization and conductivity while maintaining mechanical
strength. Considering the preceding discussion, we conclude that polymer-
ized ionic liquids are a target for improved battery electrolyte membranes.
The remainder of this chapter will be devoted to exploring the current state
of polymerized-ionic-liquid research, especially the knowledge base on ion-
transport mechanisms in such materials. Many reviews have been written
on the subject of polymerized ionic liquids. In 2019, Ganesan published a
comprehensive review of ion-transport properties in polymerized ionic liquids,
largely inspired by the results in and peripherally related to this project [103].
Several other groups reviewed synthesis and application of polymerized ionic
liquids [112, 209, 347].
Polymerized ionic liquids are rapidly ascending as integral materials
in battery electrolyte research. Several recent reviews are available, covering
the breadth of device applications sought through polymerized ionic liquids
[2, 112, 209, 229, 347]. While there has been a large contribution of simulation
research in modeling ion transport in non-ionic polymers, polymers mixed
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with additives, and co-polymers of highly conductive and mechanically strong
elements [214], no studies, prior to the contained set of reported works, have
examined ion-transport mechanisms in polymerized ionic liquids.
The goal of this project is to identify and explain ion-transport mech-
anisms in polymerized ionic liquids using atomistic molecular dynamics sim-
ulations. Optimization of ion transport of polymerized ionic liquids has been
hampered by a lack of fundamental mechanistic understanding. Indeed, while
ion transport is understood to be governed by the ion-association structural
relaxation times in pure ionic liquids [352], and by the polymer backbone seg-
mental dynamics in polymer electrolytes such as poly(ethylene oxide) [16, 28,
29, 33, 77, 199, 200, 213, 227], little clarity exists on the mechanisms prevailing
in ionic-liquid-based single-ion conductors.
Original reports suggested that ionic conductivity in polymerized ionic
liquids are slaved to polymer segmental motion [168, 230]. Indeed, such a
conclusion may be correct for backbone ionomers (ions incorporated directly
into polymer backbone) as reported in a number of studies from Colby and
coworkers [94,95,315,322]. Nakamura and coworkers were the first to demon-
strate a decoupling between the timescales of ion and segmental motion for
polymerized ionic liquids [224–226]. They utilized both dielectric and vis-
coelastic relaxation spectra to argue that a broadband dielectric spectroscopy
peak, once attributed to segmental relaxation, was actually due to ion-pair
relaxation. This represented the first appearance of the ion-hopping mecha-
nism in polymerized-ionic-liquid literature. Still, the segmental-motion mech-
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anism was persistent, being utilized to explain conductivity behavior by high
profile contributors, including Winey, Runt, and Colby all the way through
2015 [59–61, 253].
With better understanding of existing analysis techniques and the ad-
vent of new techniques for identifying specific relaxation modes, the decou-
pling between ionic conductivity and structural dynamics in polymerized ionic
liquids reemerged as a central issue [73, 86, 98, 134, 162, 256, 333]. Such con-
siderations motivate the questions considered in this project, viz., “What are
the mechanisms and time scales underlying ion transport in polymerized ionic
liquids?”, “What is the origin of differences, if any, in ion-transport phenom-
ena between polymerized and pure ionic liquids, and their relationship to the
structural relaxation dynamics?”, “Are the ion transport properties of poly-
merized ionic liquids indeed decoupled from the segmental relaxations and
glass-transition temperatures?” Progress in answering the above questions
should provide valuable insight into the design of new materials for battery
and fuel cell electrolytes, electrode binders, gas separation membranes, and
other applications.
1.2 Outline of Dissertation
1.2.1 Methods
In this chapter, we address common approaches for all of the work
included in this dissertation. To begin, we discuss the Optimized Potential
for Liquid Simulations, which was deployed to model inter-atomic and intra-
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molecular interactions. We also address the assignment of partial charges, and
support the decision to use constant scaled partial charges to reflect an average
polarization effect. We then discuss the approach to setting up simulations and
bringing the resulting initial configuration to equilibrium.
For the remainder of the chapter, we build the suite of analysis meth-
ods used in this project. The fundamental transport property probed among
these works in the self-diffusivity, which is traced from the mean-squared dis-
placement. Structure functions, including the radial distribution function and
the structure factor are revealed next. We then explore ion-association analy-
sis, followed by the ion-association autocorrelation functions (intermittent and
continuous) whose fundamental timescales are the ion-association structural
relaxation time and lifetime. Finally, we reveal our approach to evaluating ion
hopping using ion-coordination states at consecutive timesteps.
1.2.2 Probing mechanistic differences in ionic liquids and polymer-
ized ionic liquids by varying the number of repeat units
We report the results of atomistic molecular dynamics simulations on
polymerized 1-butyl-3-vinylimidazolium hexafluorophosphate ionic liquids, study-
ing the influence of the polymer molecular weight on the ion mobilities and the
mechanisms underlying ion transport, including ion-association dynamics, ion
hopping, and ion-polymer coordinations.1 With an increase in polymer molec-
1Jordan R. Keith, et al. Influence of molecular weight on ion-transport properties of
polymerized ionic liquids. Phys. Chem. Chem. Phys., 19:29134, 2017. – Reproduced by
permission of the PCCP Owner Societies.
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ular weight, the diffusivity of the hexafluorophosphate counterion decreases
and plateaus above seven repeat units. The diffusivity is seen to correlate well
with the ion-association structural relaxation time for pure ionic liquids, but
becomes more correlated with ion-association lifetimes for larger-molecular-
weight polymers. By analyzing the diffusivity of ions based on coordination
structure, we unearth a transport mechanism in which the hexafluorophos-
phate moves by “climbing the ladder” while associated with four polymeric
cations from two different polymers.
1.2.3 Identifying variation of ion-transport mechanisms in poly-
merized ionic liquids with different polymerized cation chem-
istry
We used atomistic molecular dynamics simulations to study the proper-
ties of polymerized 1-alkene-3-butylimidazolium hexafluorophosphate, a poly-
merized ionic liquid electrolyte, and characterized the influence of the linear
alkene length on the mobility of the hexafluorophosphate ions.2 Consistent
with experimental observations, our simulations indicate that as the alkene
length increases, the diffusivity of hexafluorophosphate anion monotonically
increases. We demonstrate that such a trend arises from the influence of linker
segments on the intermolecular ion hopping rates, which is in turn modulated
by intermolecular cationic separation distances.
2Reproduced with permission from Jordan R. Keith, et al. Influence of side chain linker
length on ion-transport properties of polymeric ionic liquids. J. Poly. Sci. Part B: Polymer
Physics, 55(23):1718-1723, 2017. Copyright 2017 John Wiley and Sons.
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1.2.4 Analyzing the influence of varying mobile-anion chemistry on
ion transport in polymerized ionic liquids
We use all-atom molecular dynamics simulations of cationic polymer-
ized ionic liquids to probe the influence of size and shape of counterions on
ion mobilities in relation to polymer segmental dynamics.3 Our results demon-
strate that the size, or ionic volume, of the counterion, cannot fully explain the
mobility trends. Within certain geometric and chemical-specific classes, small
ions generally show a higher degree of decoupling from polymer segmental dy-
namics. However, even such a size effect is observed to be not universal, and
appears to be overcome when substantial delocalization of cation-anion coor-
dination manifests. We demonstrate a universal inverse correlation between
ion-association structural relaxation time and the conductivity for these poly-
merized ionic liquids, supporting the ion-hopping interpretation of ion mobility
in polymerized ionic liquids.
1.2.5 Characterizing the impact of backbone- versus pendant ar-
chitecture on ion transport in polymerized ionic liquids
We use atomistic computer simulations to examine ion-transport phe-
nomena for backbone polymerized cationic liquids with bistrifluorosulfonylim-
ide (TFSI−) counterions. We consider a system in which the polymerized
cation moiety is the imidazolium ring, and study the structural characteristics
3Reproduced with permission from Jordan R. Keith, et al. Influence of Counterion
Structure on Conductivity of Polymerized Ionic Liquids. ACS Macro Letters, 8:387-392,
2019. Copyright 2019 American Chemical Society.
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and ion mobilities for cases in which the cations are separated by four, six,
and eight methylene units on the backbone. A pendant polymerized ionic liq-
uid, 1-butyl-3-vinylimidazolium, is compared to the backbone series across ion
coordination and hopping features. The anion diffusivity in backbone poly-
merized cationic liquids is found to decrease with increasing spacer length,
which is shown to result from a decrease in intra and intermolecular hopping
frequencies due to an increasing distance separating imidazolium moieties. In
comparison to pendant polymerized ionic liquids, we observe that the partic-
ipation rates of intermolecular hopping events in the backbone polymers far
exceed that of the pendant, and the intrapolymeric ionic coordination profile
shows the TFSI− of the pendant polymer with a high propensity for coordi-
nation by multiple imidazolium, compared with one monomer from a given
polymer for the backbone series. Despite these differences, backbone polymer-
ized ionic liquids are seen to possess correlated diffusivity and ion-association
relaxation times, in a manner similar to the results observed in past studies
for pendant variants.
1.2.6 Extending principles of ion motion in polymerized ionic liq-
uids to polymerized zwitterions for battery electrolytes
Polyzwitterions (polyZIs), macromolecules with repeating ampholytic
monomers, are a novel class of materials with attractive properties for bat-
tery electrolytes. In this study, we test two salt-doped (Li+-TFSI−) polyZIs of
similar composition with contrasting zwitterion (ZI) ionic organization: pen-
dant monomers organized via backbone-anion-cation (B-ZI−-ZI+, motif B) and
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backbone-cation-anion (B-ZI+-ZI−, motif C). Within motifs B and C, the coun-
terion of the pendant-end ZI moiety shows higher mobility. Similarly, when
comparing Li+ or TFSI− across motifs, it is seen that the respective pendant-
end counterion possesses higher mobility than its backbone-adjacent counter-
part. Furthermore, when comparing counterions to same-position ZI moieties,
TFSI− is seen to possess higher mobility than Li+ in each case. This latter
phenomenon results from lower interaction strength between the TFSI− and
ZI+, but these results suggest that there are different physics governing the
mobilities of ions based on the pendant position of their ZI countercharge. In-
deed, the mobility of countercharges to the pendant-end ZI moiety are shown
to correlate with the ion-association relaxation timescale, similar to polymer-
ized ionic liquids in past studies. However, the mobility of countercharges to
the backbone-adjacent ZI moiety are correlated with a cage relaxation time,
incorporating the combined effects of i) frustrated motion due to the pres-
ence of the polymer backbone and pendant-end ZI moiety and ii) heightened
mobility in a population of lightly zwitterion-coordinated ions.
1.2.7 Prospects for the future of the field
This chapter discusses a collection of questions that could motivate
future projects, extending the encompassed work of this dissertation. Specif-
ically, there are two thrusts presented herein. First, polymerized-ionic-liquid
block copolymers are an area of scrutiny in the experimental community. But
they have been underserved by simulations due to the challenge of marrying
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mesoscale morphological characterization with atomistic-scale transport mod-
eling. The first section discusses the dissipative-particle-dynamics framework
and its role in modeling mesoscale phase behavior, and poses a series of un-
known transport phenomena as they relate to morphology. The second section
delves into confined ionic materials, with the goal of establishing prior work
on confined ionic liquids as a springboard to analyzing ion transport in con-
fined polymerized ionic liquids. We discuss modeling and analysis techniques
to establish the current state-of-the-art, and propose an assortment of moti-
vating questions related to confined ionic structure and transport phenomena





2.1.1 Potential energy and parameters
We utilized the optimized potential for liquid simulations (OPLS), an
all-atom molecular dynamics force field designed to model complex organic
molecular liquids [144]. The OPLS all-atom force field has been utilized
in past studies to model the physical properties of ionic liquids and poly-
mers [19, 47, 79, 219, 254]. Such efforts have been mostly successful in match-
ing experimental structural and thermodynamic properties, including density
and heats of vaporization [254]. However, apart from Bhargava and Bala-
subramanian, who demonstrated good agreement with experimental diffusion
coefficients, these studies did not reproduce transport properties [19].
Polarizable force fields have been utilized in some studies to improve
the accuracy of dynamical properties in ionic liquids [25,26,35,208,288]. But,
they are computationally expensive, even for non-polymerized ionic materi-
als. Others have circumvented the computational expense of such methods by
scaling partial atomic charges to study ionic-liquid systems [19,53,54,218,222,
301, 344, 351, 353, 353]. Several studies demonstrated that uniformly scaling
partial atomic charges by 0.7-0.9 (depending on ionic liquid) was successful
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in matching structural and transport properties [19, 53, 54, 218, 301]. Based
upon the efficiency and accuracy of such methods, we have utilized the charge
scaling approach with a 0.8 scaling factor, whose success for a PF−6 -based
ionic liquid was demonstrated by Bhargava and Balasubramanian [19]. Sec-
tion 2.1.2 provides more detailed discussion and defense of this choice, and its
relevance beyond PF−6 -based polymerized ionic liquids. We also address with
methodology for determining atomic partial charges in this next section.

















Equation 2.1 includes terms for bond interactions, Ubond(r) = kr(r− r0)2, and
angle interactions, Uang(θ) = kθ(θ − θ0)2, with spring constants, kr and kθ,








Kn[1 + (−1)n+1 cos(nφ)], (2.2)
and improper angles, Uimp(ψ) = 1.1[1 − cos(2ψ)], complete the bonded en-
ergy description. Early efforts in this project conceptualized and specified
the improper angles incorrectly, so reference to the specific parameters should
be avoided. The above description is accurate and can be used to determine
parameters for previously modeled and new imidazolium-based materials.
We complete the energetic description with the contributions of non-
bonded interactions. Such interactions include long-range Coulombic (electro-
static) attraction/repulsion (r−1), attraction via short-range electron-dispersion
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(r−6), and an empirical fast-decaying repulsive potential used to avoid atom
overlap (r−12). This description manifests as the traditionally used Lennard-

















OPLS non-bonded parameters include potential-well depth ǫij and the LJ-
radius σij for pair ij. Cross terms were calculated using a geometric mixing
rule such that ǫij =
√
ǫiǫj and σij =
√
σiσj . Finally, equation 2.3 includes the
partial atomic charges, qi and qj , in elementary units of charge and a constant,
C = 5.514× 10−22 kcal-Å/e2.
Non-bonded forces were scaled to 0.0 for first- and second-order bonded
atoms. In other words, atoms that are directly bonded, or connected within
two bonds, were not considered to interact via electrostatic or dispersion forces.
Third-order bonded atoms, or atoms connected within three bonds, included
non-bonded forces scaled by 0.5. All other atom-atom pairs interact using the
full non-bonded energy description in equation 2.3.
The most important monomer platform for this research has been the
1-butyl-3-vinyl imidazolium (pBvIm+) cation, initially introduced by Mogu-
rampelly, myself, and Ganesan [216]. We adapted most of the intra- and
inter-molecular force field parameters for this polymer from earlier studies
on organic liquid force fields and molecular dynamics modeling of ionic liq-
uids [19,144,254]. The OPLS all-atom force field and parameter set originated
in Jorgensen’s all-atom optimized potential for liquid simulations force field
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(OPLS-AA) [144]. Bhargava and Balasubramanian reported improved param-
eters for 1-butyl-3-methylimidazolium(BmIm+)-PF−6 to accurately reproduce
experimental density and diffusion coefficients [19]. This improvement was
essential for a series of studies, like ours, that focuses on dynamic properties
and transport mechanisms.
Sambasivarao et al. contributed further refinements to the intramolec-
ular parameters for the ionic liquid BMIm+-PF−6 , particularly for the energy
contribution of dihedral angles, which were incoporated into our early models
of pBvIm-PF−6 [254]. The original contribution from Mogurampelly, which
used the precise improvements noted above, modeled pBvIm+-PF−6 with n =
32 repeat units [216]. Additionally, Mogurampelly spearheaded efforts to de-
velop new dihedral-angle potentials for backbone-containing angles, which had
never been modeled. The dihedral parameters developed as part of this study
were extended to other studies in this project, including ones on molecular-
weight and counterion effects [147,149]. These studies used the same polymerized-
cation platform, making them easy candidates for extension of the prior work.
Another early study contained in this project, which probes linker ef-
fects in chemically similar polymerized ionic liquids, extended this dihedral-
fitting approach to capture new angles for novel simulation materials [148].
However, for later studies in this project, we increasingly viewed the OPLS
platform as a conduit for fast material screening and actionable modeling. In
order to increase the speed of development and the richness of chemical di-
versity in our efforts, we discarded the dihedral-fitting procedures, relying on
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built-in parameters from the latest iteration of the OPLS database, the Lig-
ParGen server [78,145]. This online tool allows a researcher to upload a PDB
file of the molecule of interest, which the server returns as a variety of starting
points for various simulation packages that support the OPLS equations. This
includes properly specified topology, along with force field parameters in the
OPLS style. While there may be enormous differences in the parameters of
the OPLS database and those generated by the procedure used in our early
works, our contention is that such differences are inconsequential to the overall
system energy and the properties probed in our simulations.
2.1.2 Effective polarization
Dommert et al. authored a seminal review on polarization phenomena
in molecular dynamics simulations of ionic liquids [79]. There are two accepted
approaches to modeling such phenomena: 1) explicit polarization through the
use of polarizable force fields and 2) effective polarization using reduced con-
stant partial atomic charges. Models with explicit polarizability align more
closely with the physics of real materials. And, although polarizable force
fields have been used with success to compute transport properties, they are
computationally expensive. This issue is magnified for atomistic modeling of
polymerized ionic liquids because of their slow relaxation timescales.
Fortunately, charge transfer phenomena can be qualitatively captured
as an average effect, yielding an effective reduction in partial charges, such as
the ones explored by these earlier studies. A reduced constant partial charge
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yields an “average effective description of polarization” [79] that apparently
reproduces structural and dynamic properties in ionic liquids [19,54,183,294,
351, 352]. Morrow and Maginn were the first to use reduced partial charges
in ionic liquids. Each ion from the ion pair BmIm+-PF−6 was assigned a total
charge of ±0.904 from vapor-phase electrostatic mapping [222]. Now, studies
on materials including ionic liquids, zwitterions, polyampholytes, and poly-
merized ionic liquids have employed a similar approach.
Julian and Jarrold proved the existence of internal charge-separation in
zwitterions, for example, using gas-phase quantum chemical optimization and
electrostatic mapping [146]. Early models of zwitterions by Shao et al. used a
non-polarizable potential with partial charges developed from the electrostatic
potential map of molecules optimized in a polarizable-continuum implicit sol-
vent [272]. But, they did not include the implicit solvent model in later studies,
and instead, optimized molecules in the gas phase, which justified our choice of
the same approach [273]. The spirit of the former approach is certainly sound,
considering the potential influence of the immediate chemical environment on
charge dispersion. Ultimately, we are convinced to employ the simpler, latter
approach, whose effectiveness has been demonstrated in numerous adjacent
material classes.
Specifically, several recent simulation studies revealed improvements to
dynamic properties such as diffusivity over non-charge-scaled models [19, 54,
183, 294, 351, 352]. The work of Bhargava and Balasubramanian on BmIm+-
PF−6 established the basis for our investigations into polymerized ionic liquids.
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They reported accurate densities and low deviations from experimental diffu-
sivities, using a uniform scaling factor of 0.8 on vapor-phase partial charges
for BmIm+-PF−6 ionic liquid [19]. Zhang and Maginn also reported accurate
diffusivities for BmIm+-PF−6 ionic liquid with the same scaling factor [351].
Success in improving atomistic-modeling accuracy extends beyond BmIm+-
PF−6 . Chaban et al. determined that uniform scaling of charges for BmIm
+-
BF−4 ionic liquids accurately reproduced experimental diffusivities and densi-
ties with a scaling constant of 0.807 [54]. Sprenger et al. reported diffusivity
errors of 11.0% (BmIm+) and 18.7% (TFSI−) using the uniform scaling fac-
tor of 0.8 [294]. In an earlier work on an imidazolium-series of cations with
TFSI−, Liu and Maginn showed similar agreement with experimental results
for the same scaling factor [183]. Later, Zhang and Maginn demonstrated
the applicability of the uniform charge-scaling constant 0.8 to 29 ionic liquids
containing four distinct anions (including TFSI− and PF−6 ) with a series of
imidazolium-based cations [352].
After considering the evidence presented above, we elected to incor-
porate effective polarization through the use of reduced vapor-phase partial
charges for the studies pursued under the umbrella of this work. The specific
approach to obtaining the unscaled partial charges differs among the projects
included in this thesis. However, the following approach, or one employing
a more detailed method and/or a higher-level basis set for optimization, is
recommended for future efforts. In short, the use of low-level basis sets or less
rigorous methods changes the electrostatic potential map, and alters the result-
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ing distribution of partial atomic charges. Although we cannot guarantee that
our chosen method is accurate, the current method and basis set are proven
based on their use in past work from the simulation community [146, 273].
We optimized molecules using the B3LYP hybrid functional with the
6-311++G** basis set using Gaussian16 [99]. This basis set is chosen to in-
corporate both polarization (++) and diffuse functions (**). Polarization
captures electronic shifts when atoms approach each other. Diffuse functions
capture the behavior of loosely held electrons, such as those in the valence
shell of a large atom or an anion. Diffuse functions are critically important to
capturing the correct geometry and partial charge distribution of anions.
Calculation time in quantum chemistry scales quickly with an increas-
ing number of atoms, so it is important to keep the atom-count low. But for
polymer molecules, this means that one must choose a representative piece of
the molecule, such as a monomer, to capture partial charge distribution. Sev-
eral approaches have been taken in the works included in this thesis, including
the use of monomers, dimers, and trimers for optimization and electrostatic
mapping. The choice of polymer fragment was mostly based on monomer
complexity, and it is our belief that a simple monomer representation often
satisfies needs for speed and accuracy. The electrostatic potential should be
mapped at Merz-Singh-Kollman points, with partial charges computed using
Amber Antechamber (or similar) and scaled by 0.8, a scaling constant used
in previous work to mimic charge transfer and capture average polarization
effects [17, 283, 319, 320].
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2.1.3 Simulation setup
Simulations can be prepared in a variety of ways, but we will briefly
highlight our chosen methodology, which remained largely consistent through-
out this project. Details that are unique to individual studies can be found in
their respective chapter, while general aspects encompassing all studies can be
found here. Using molecular topologies of each component species, we packed
the requisite composition of molecules into a simulation box at a density of
0.01 g/cm3 using PACKMOL, a free tool available to pack simulation boxes
with molecule PDB files [206].
We utilized the LAMMPS software package for all molecular simula-
tions [243]. The topology generated in PACKMOL was energy minimized
via a steepest-decent and subsequent conjugate-gradient minimization, each
with an energy tolerance of 1× 10−5. The resulting topology was fed to a
series of initialization, minimization, and equilibration steps, which are study-
specific, but are simply combinations of unique arrangements and simulation
times for the same set of procedures. After testing different approaches, we
have settled on the following as a reproducible method that requires minimal
user-interference, and generally avoids thorny simulation crashes.
Since the box begins at low density, we must compress the contents of
the box to a realistic density. The contents of the box are also initially frozen,
so we must use some method to initialize particle velocities. This can be done
using a method, such as “velocity create” in LAMMPS, which can initialize
velocity in a uniform or Gaussian distribution, and even conserve linear and
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angular momenta. However, this approach is particularly dangerous for our
starting topology because initialization at the target temperature, followed by
compression to the desired density will lead to a large positive departure from
the intended temperature, and will likely lead to simulation failure due to high
particle velocities. The above-mentioned method can be modified by using a
gradual velocity (temperature) increase, but this option was not explored in
the context of this project. Additionally, options exist within LAMMPS to
force box-dimension changes, but none of these tools were explored for our
purposes.
Instead, we elected to use the Langevin thermostat and Berendsen baro-
stat to direct our system into a stable temperature/pressure configuration.
The Langevin thermostat couples the emsemble temperature of explicit par-
ticles to that of an implicit solvent sink [261]. The methodology used in this
case is similar to that employed in the context of dissipative particle dynam-
ics, which is discussed in some detail in chapter 8. The force on a particle
is determined by the sum of a conservative force, a frictional drag term pro-
portional to the particle’s velocity, and a random force related to the drag
through the fluctuation-dissipation theorem. In LAMMPS, the “fix langevin”
command uses uniform, not Gaussian, random numbers to determine the mag-
nitude and direction of the random force, which improves algorithm speed [81].
The Berendsen barostat, “fix press/berendsen” in LAMMPS, is used to reset
the pressure of the system by adjusting volume and atom positions, accord-
ingly [15].
24
These two fixes do not perform time integration in LAMMPS, so they
must be combined with a microcanonical integrator such as “fix nve” to inte-
grate the equations of motion [63,65]. Specifically, the integrator that we chose
was “nve/limit,” which uses the same equations as “fix nve,” but does not allow
atoms to move further than a maximum distance in one timestep [64]. This ap-
proach prevented atoms in the simulation from traveling too fast, which often
led to simulation failure. We perform this simulation from a starting temper-
ature/pressure to an ending temperature/pressure with a 0.01 fs timestep at a
rate of 0.1 K/fs. Both damping parameters are set to 100 fs, and atoms could
move a maximum of 0.1 Å/timestep.
Simulations of this type were carried out without including long-range
Coulombic forces. The particle-particle particle-mesh (PPPM) method, which
we used for evaluating long-range electrostatic interactions, relies on a grid
construction overlaying the simulation box. During periods of rapid volume
change, the grid may not respond to changes in the box volume, causing
simulation failure. Even in constant pressure ensembles at high temperature,
box volume may change rapidly, leading to unpredictable PPPM failure.
Long-range electrostatic interactions were incorporated for equilibra-
tion and production simulations. Forces and positions were evaluated every
1.0 fs at a given temperature and 1.0 atm using a Nosé-Hoover thermostat and
a Parinello-Rahman barostat [207, 238, 279, 296, 314]. LJ and Coulombic pair
energies were evaluated using equation 2.3 up to a 10 Å cutoff. Long-range LJ
interactions were included with a Van der Waals tail correction. Coulombic
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interactions beyond the direct-evaluation cutoff were incorporated using the
PPPM solver with a tolerance of 1× 10−5 [131, 244]. A more rigorous toler-
ance, while desired for electrostatic accuracy, must be balanced with the speed
of the simulation. We recommend the use of a tolerance of 1× 10−6 if one’s
computational resources allow for its practical application.
2.2 Analysis methods
2.2.1 Diffusivity and conductivity












When computing diffusivity from a simulation of finite time, a good approx-
imation of the true diffusivity can be found by fitting a representative time






= Ctβ , (2.5)






Obviously, this analysis relies on β = 1.0, so β is a good indicator of the fitness
of the data. If the species of interest has not reached β = 1.0, then it has not
reached the diffusive regime, and diffusivity cannot be extracted.
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While diffusivity is effective for quantifying ion mobility, conductivity
is a more important feature for designing materials for electrochemical devices.










for a bicomponent ionic system, is sometimes used in computational studies
due to the ease of computing diffusivity, as discussed above. The ideal conduc-
tivity is particularly useful in polymerized ionic liquids since the polymerized
ion has limited mobility. This means that, effectively, D+ ≈ 0 for a polymer-
ized cation. There is still some debate over this, given that ions of the same
charge can move in a correlated or anti-correlated manner, impacting the value
of conductivity.
For systems where self-diffusivity alone does not control conductivity,


















We extracted the slope of the long-time average to obtain the dc conductivity.
Due to significant fluctuations at large t, we are typically forced to discard
time scales of greater than 50% of simulation times. In addition, to quantify
the uncertainty inherent in our approach, we chose to represent the ultimate
conductivity as the average of a series of linear fits on distinct data ranges from
0-50% of the simulation time. This average value, and its associated standard
deviation, provided the reported results for σdc and the associated error bars.
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2.2.2 Structure functions






where ρ(r) denotes the local density of components in a thin spherical shell
a distance r from a reference particle. The value ρ0 is the theoretical density
of the shell given a uniform density of subject particles. Sets of particles with
short-distance coordination patterns yield a naturally defined cutoff distance,
which can be used to establish the coordination of ionic groups.
While radial distributions are not obtained naturally from experimental
methods, structure factors are available from a number of scattering analyses.
X-ray scattering is a useful way to probe coordination distances at atomic
resolutions. For comparison with these results, we developed a structure factor
from density-normalized radial distribution functions using a Fourier transform






























“was used to remedy the cutoff ripple artifact due to the Fourier transform”
[100]. Equation 2.10 contains summations over the atom indices of species
sets or subsets i and j, which can be different or the same. Here, ci refers to
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the mole fraction of species set i, and fi is the atomic scattering function for
species i,









We used atomic-scattering function coefficients aik, bik, and αi by Brown et
al. to ensure accurate modeling of low-frequency scattering intensities [40].
One has to ensure that the frequency q is properly normalized as 2π/L, where
L is the length of a side of the simulation box. This approach assumes that
the simulation box is cubic and the material is isotropic, meaning that the
interactions are not expected to vary depending on the orientation of the
wavevector.
2.2.3 Ion-association analysis
In dense ionic systems, such the ionic liquids, polymerized ionic liquids,
and polymerized zwitterions explored in this project, we often seek to charac-
terize the association behavior of ionic species or intra-molecule atom groups.
The purpose of this section is to introduce the reader to the mathematical
language used to identify sets of atoms, molecules, or groups that participate
in coordination relationships.
While condensing a group of atoms into a center-of-mass for association
analysis is a viable approach, there are several disadvantages that made me
seek alternative means. First, calculating a center-of-mass can be challenging
from a simple programming standpoint. Much of the work in this project was
done using basic Fortran programs, and evaluating centers of mass on the fly
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was difficult. Second, for some asymmetric and non-spherical molecules, the
center-of-mass can be found outside of the molecule boundaries, potentially
leading to overlap with other molecules’ centers-of-mass. Third, this approach
can lead to interaction-smearing phenomena, whereby coordination distances
increase and first-coordination shells blur since the real association sites are
irrelevant. In some cases, this may even cause misleading conclusions regarding
the true association state of two species. Finally, and closely related to the last
point, this approach makes it difficult to reliably compare chemically distinct
systems due to fundamental differences in close-range association behavior.
For an excellent example, we refer the reader the chapter 5, where we evaluate
the counterion effect.
MDAnalysis is a python-based molecular-dynamics toolset, which con-
tains trajectory readers and writers, coordinate manipulators, and many other
useful tools for analyzing molecular dynamics trajectories [110, 212]. While it
does contain a center-of-mass module, we still feel that this is not the best
approach. It is much easier to evaluate distances between atoms using the fast
distance array tools of MDAnalysis. Usually, an ionic center can be approx-
imated as a single atom for this purpose. While this approach is easier than
computing centers-of-mass for every component, it still suffers from the lat-
ter two drawbacks mentioned earlier. Namely, reliance on a single association
“site” can produce smeared and sometimes misleading results.
We can instead utilize direct atomic correlations as the basis for all
association analysis. This solution brings us closest to realizing the physi-
30
cally relevant basis of association behavior. Consider a subset of unique atom
identifiers in A = {a ∈ Z | 1 ≤ a ≤ Na}, where Na is the total num-
ber of atoms, consisting of only desired atom types, such as the oxygen from
bistrifluoromethane-sulfonylimide (TFSI−) , aT = OF,
AT ⊆ A | aT (a) ≡ OF ∀a ∈ AT. (2.13)
We can designate a set h(t) of association pairs p = (a1, a2) at time t such that
the distance between each pair ra1,a2 is less than or equal to a cutoff distance
rcut,
ha(t) = {p | a1 ∈ AT,1 and a2 ∈ AT,2 and ra1,a2 ≤ rcut}. (2.14)
The curly braces denote set notation. The components p of the set from equa-
tion 2.14 are all inherently unique, but set notation ensures that a grouping
that contains duplicate entries are winnowed down to only unique elements.
For ionic units that consist of a whole molecule, such as Li+ and TFSI−,
we can then determine a unique set of whole-ion interactions. This is done
using the system topology, which includes explicit molecule identifiers m(ai),
revealing a set of molecule-association pairs pm = (m(π1(p)), m(π2(p))),
hm(t) = {pm ∀p ∈ ha(t)}, (2.15)
where π1(p) and π2(p) are the left- and right-projection of atom pair p. Remem-
ber that set notation implicitly reduces any number of non-unique interactions
to a single unique instance.
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Molecule assignments are too granular to maximize utility for polymer-
ized ionic liquids or zwitterions. Often, we must identify ionic groups from
different monomers, or even parts of monomers, as is the case for polymerized
zwitterions. Unfortunately, there is no robust method for identifying these
fragments. The user must be familiar with the simulation topology, using
their underlying knowledge to manually or algorithmically identify the appro-
priate subsets of atoms belonging to each unit, u(ai). Then, similar to the
molecule-association approach from equation 2.15, we can develop a set of
unit-association pairs pu = (u(π1(p)), u(π2(p))),
hu(t) = {pu ∀p ∈ ha(t)}. (2.16)
The user can modify this construction, using combinations of ai, m(ai), and
u(ai) to maximize utility for a given application. We will now explore various
analyses that utilize the coordination structure ha(t) and its variants from
equations 2.15 and 2.16.
A set of ionic coordination states for TFSI− can be extracted from h(t0)
(equation 2.14), where π1(p) and π2(p) represent the left (TFSI
−) and right
(Im+) indexes of pair p:
I(t0) ={(i, |{π2(p) | π1(p) ≡ i ∀ p ∈ h(t0)}|)
| ∀i ∈ I}.
(2.17)
By manually assigning polymer identifiers m(j) to the Im+ index, we can
recast the association set as
hpoly(t0) = {(π1(p), m(π2(p)) ∀p ∈ h(t0)}. (2.18)
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This is an implicitly unique set of ion-polymer association pairs, which replaces
h(t0) in equation 2.30 to yield a set of polymer association states P (t0) (in place
of I(t0)). The fraction of TFSI
− coordinated with NI Im
+ at temperature T ,
averaged over TFSI− and time (Nframes) is
fI(NI , T ) =
∑
t0
| {π1(p) | π2(p) ≡ NI ∀ p ∈ I(t0)} |
NTFSINframes
. (2.19)
A similar result is resolved for the simulation-averaged fraction of TFSI− as-
sociated with NP polymers, fP (NP , T ). The intrapolymeric ionic coordination
number NIP is a related quantity that counts the number of Im
+ from a given
polymer that are associated with a TFSI−. Its distribution fIP is derived
from IP (t0), a set of triplets q that includes the TFSI
−index i, the molecule
identifier M , and NIP as shown here
IP (t0) ={(i,M, |{π2(p) | π1(p) ≡ i and
m(π2(p)) ≡M ∀ p ∈ h(t0)}|) | ∀i ∈ I}.
(2.20)
The normalization factor is the sum of |hpoly(t0)| over time,
fIP (NIP , T ) =
∑
t0







The intermittent ion-association autocorrelation function C(t) repre-
sents the probability that two ions, which were associated at time t = t0, are
still associated at time t. To craft this function, we begin by defining the
intersection of two association states for configurations t0 and t0 + t,
ci(t0, t) = hi(t0) ∩ hi(t0 + t), (2.22)
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which captures their shared association pairs for i = a or m or u. The au-
tocorrelation function is then defined as the fraction of remaining ion pairs,








The bracketing vertical bars represent the notation for “cardinality,” similar
to the magnitude of a vector. In this case, a mathematical set has a given
number of elements, which equals its cardinality.
In a slightly different construction, the continuous ion-association auto-
correlation function represents the probability that two ions, which are associ-
ated at time t0, remain associated until time t0+t. The association-intersection




hi(t0 + τ). (2.24)




























The value τC,i is henceforth referred to as the average association structural re-
laxation time. The value τS,i is known as the average lifetime of an association
pair.
These previous constructions have found application in different studies
contained within this project, and have thus been valuable tools for analyzing
ion transport phenomena. However, these two measures do have shortcom-
ings. Because these measures compute average pair association lifetimes, one
can miss critical information on the behavior of individual ions, especially in
highly diverse coordination environments and when there are multiple associ-
ating species present. Furthermore, behaviors reliant on a collection of long-
time association pairs can be lost due to the downward pressure on relaxation
time of short-lived association pairs. The so-called “cage” relaxation analysis
technique can address the myriad of challenges related to these pitfalls.
Association sets provide the building blocks for analyzing ion-on-ion
caging effects. For example, consider three ionic species with unique integer
identifiers: central ion i and caging ions j and k. These integers uniquely
identify various molecules or units, as discussed previously. There exist as-
sociation pairs of these species p1 = [i, j] and p2 = [i, k] with respective sets
h1(t) = {p1 | ri,j ≤ rcut} and h2(t) = {p2 | ri,k ≤ rcut}. The latter associa-
tion sets can be developed using the methodology of equations 2.13-2.16, but
the notation shown here is designed to clarify the correct order for identifiers
in each pair structure. The central atom appears in the first projection, π1 of
each pair, while the caging ion appears in the second projection, π2.
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For some systems or analyses, an instantaneous snapshot of the associ-
ation states, h1(t0) and h2(t0) is sufficient to capture the initial cage structure.
In other words, the union of these two association sets initializes the cage
environment,
hcage(t0) = h1(t0) ∪ h2(t0) (2.28)
In other cases, which perhaps exhibit weak interactions and fast dissociation
relaxation rates, it will be necessary to capture the union of a series of con-
secutive association states to fully initialize the cage structure. Picking n
consecutive timesteps, T = {0, 1...n−1}×∆t, ensures that low-residence-time
pairs, which play a relevant role as physical barriers of motion, are included




hcage(t0 + τ) (2.29)
captures a set of relevant pairs for the starting cage profile. Now, rather than
quantifying simply the size of this set, it is important to capture the number
of unique elements j and k in the second projection of each pair containing i
in the first projection,
∀p ∈ ccage(t0), I(i, t0) = {π2(p) | π1(p) ≡ i}. (2.30)
We can then probe structural decay, or relaxation of the cage over time,
I(i, t0, t) = I(i, t0) ∩ hcage(t0 + t), (2.31)
to determine how many ions remain associated after t.
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Once again, the fraction of ions is important, but we avoid quantify-
ing an average of explicit fractional associations. Instead, we define a cutoff
fractional association state fcut, indicating when a cage is structurally relaxed,
and set the cage state,
I(i, t0, t) =
{
1, |I(i, t0, t)|/|I(i, t0)| ≥ fcut
0, otherwise.
(2.32)
Finally, using the set of first-projection identifiers ∀p ∈ ccage(t0), P (t0) =









This function can be fit using the stretched exponential formula of equa-
tion 2.26, and the cage relaxation time τcage can be extracted using equa-
tion 2.27. If fcut = 0, τcage reveals the relaxation time of the longest-lasting
cage pair, which we have found useful in characterizing vehicular transport of
small ions. The physical meaning of τcage varies as fcut increases, but a range of
values can generally be understood to mean the relaxation of cages to certain,
specified count. For example, if fcut = 1/3, then a cage initially containing four
ions would have to lose coordination with three ions to be considered relaxed.
As we will explore in chapter 7 on polymerized zwitterions, such measures
can be useful for evaluating the underlying timescale of diffusion in materials
where ions experience varying coordination environments.
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2.2.5 Hopping analysis
In a 2017 study from our group [217], dynamical changes in the co-
ordination states of ions were used as a means to identify the ion transport
mechanisms in pure ionic liquids and polymerized ionic liquids. We continue
such a line of investigation in this project, adopting the same definition of such
an event, viz., the association or dissociation of a pair of ions over a specified
time interval, always of 1 ps for our needs. In works directly encompassed
by this project, we updated the two categories of hopping events, intra- and
intermolecular, to reflect a new paradigm of the static coordination state of
the ion in the dissociated frame [148]. Namely, in an intramolecular hopping
event (type 1), ions move from monomer to monomer along the same poly-
mer. To define this precisely, during the association or dissociation of a given
PF−6 -Im
+ pair, if one or more Im+ from the same polymer as the participating
Im+ are associated with the PF−6 when the pair is dissociated, then the event
is type 1. In contrast, for intermolecular hopping events (type 2), ion hopping
occurs between different polymers. Again, to define this precisely, given an as-
sociation or dissociation event involving a PF−6 -Im
+ pair, if no other Im+ from
the same chain are associated with the PF−6 when the pair is dissociated, then
the event is type 2.
To describe the above mathematically, we collect ionic or polymer asso-
ciations that exist at time t0 ±∆t (trajectory timestep ∆t) and not at time t0
using forward (+) and reverse (-) difference sets for TFSI− associated with a)
Im+, δ±I = h(t0±∆t)−h(t0), and b) polymers, δ±P = hpoly(t0±∆t)−hpoly(t0),
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where hpoly is defined in section 2.2.3. This enables acquisition of total type 2





|δ+P (t0)|+ |δ−P (t0)|. (2.34)





|δ+I (t0)|+ |δ−I (t0)|
)
− h2. (2.35)
The values h1 and h2 are full-simulation totals, which can be normalized by
TFSI− and/or an arbitrary timescale, to represent a hopping frequency, as was
done in past studies [147, 217].
Figure 2.1, borrowed from the supporting information of reference 148,
illustrates both categories of hopping events. These diagrams do not exhaus-
tively define type 1 or type 2 events, but serve to illustrate the definitions.
In Figure 2.1(a), polymer 1 in the left frame has three Im+ associated with
the PF−6 ion, evolving to a state in the right frame with two associated Im
+.
As indicated by the dotted arrow, this is a type 1 dissociation event. The
reverse, indicated by the solid arrow, is a type 1 association event. For both
cases, in the frame where the ion pair in question is dissociated (right), at least
one other Im+ from the same chain is associated, indicating that the event is
type 1. Figure 2.1(b) shows polymer 3 in the left frame with one Im+ asso-
ciated with the PF−6 ion, evolving to a state in the right frame where it has
no Im+ associated with the given PF−6 . The dotted line represents a type 2
dissociation event, while the solid line depicts a type 2 association event. As
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Figure 2.1: Diagrams depicting examples of (a) intramolecular (type 1) and
(b) intermolecular (type 2) hopping events. Reprinted with permission from
reference 148. Copyright 2017, reproduced by permission of the PCCP Owner
Societies.
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Figure 2.2: Flowchart depicting the logic sequence for defining and categorizing
a hopping event. Reprinted with permission from reference 148. Copyright
2017, reproduced by permission of the PCCP Owner Societies.
in the previously example, and by definition, these are type 2 events because




undergoing the event are not associated.
The following path of inquiry may help the reader understand the def-
inition of a hopping event:
1. Was there a change in association state between a cation and an ion?
2. Were there any other associated cations with that ion from the same
chain in the dissociated frame?
If the answer to the second question is “yes,” then the hopping event is cate-
gorized as an intramolecular event. Otherwise, the hopping event is identified
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as an intermolecular event. The dissociated frame can be found on the right
for both examples in Figure 2.1. This logic flow is represented in Figure 2.2
to assist the reader in understanding the method.
Accounting for these events requires a cation-centered viewpoint. Every
time a cation associates or dissociates from an ion, an intra- or intermolecular
hopping event occurs. This means that multiple events can occur surrounding
the same ion. By following this observation further, we know that intra- and
intermolecular hopping events can occur on the same ion simultaneously. For
clarity, we now reference two specific situations that will not likely be repre-
sentative of the data collected, but must be addressed. First, if a monomer
that is associated with an ion alone (or among cations from other polymers)
dissociates at the exact moment that another monomer from the same polymer
associates, then both of these events (the dissociation of the first and the asso-
ciation of the second) are considered intramolecular hopping events. Second,
if two monomers from the same polymer associate or dissociate simultaneously
from an ion that was not associated with said polymer, both events are con-
sidered intermolecular. In both cases, we feel that the resulting categorization
is consistent with our intent.
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Chapter 3
Probing mechanistic differences in ionic
liquids and polymerized ionic liquids by
varying the number of repeat units
3.1 Introduction
Polymerized ionic liquids have been explored as new materials for ver-
satile solid polymer electrolytes since the pioneering experiments of Ohno and
Ito [202, 230, 232, 289, 303].1 Although experimental results have shown that
polymerized ionic liquids exhibit lower conductivity compared to their non-
polymerized counterparts [9, 56, 61, 87, 231], research has persisted due to the
promise of improved mechanical stability [2, 62, 180, 326] and reduced charge
polarization [7, 140, 153, 177, 193, 197, 198, 204, 300] for battery electrolyte ap-
plications [38, 59, 61, 168, 169, 253, 311, 317, 341].
Ion motion in conventional salt-doped polymer electrolytes, such as
polyethylene oxide and other materials, is strongly slaved to the polymer seg-
mental relaxation dynamics [28, 29, 33, 77, 199, 200, 227]. Such a coupling be-
1Jordan R. Keith, Santosh Mogurampelly, Faisal Aldukhi, Bill K. Wheatle, and Venkat
Ganesan. Influence of molecular weight on ion-transport properties of polymerized ionic
liquids. Phys. Chem. Chem. Phys., 19:29134, 2017. My contributions include designing
and performing the research, contributing new analytic tools, analyzing data, and writing
the article – Adapted by permission of the PCCP Owner Societies.
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tween the conductivity and the mechanical properties has proven to be a sig-
nificant hurdle for the optimization and design of mechanically strong, but
highly conductive, polymer electrolytes. In recent experiments of Sokolov,
Sangoro and coworkers, the coupling between the structural relaxation time
and ionic conductivity was found to be similarly applicable for pure ionic liq-
uids [255,257,352]. However, for polymerized ionic liquids, a decoupling, man-
ifesting as a “super-ionic” dependence of the conductivity on the structural
relaxation times was observed [86,256,333]. Explicitly, Fan et al. demonstrated
that long polymerized ionic liquids have a higher conductivity than short ones
and pure ionic liquids when compared at the same glass-transition-normalized
temperature (T/Tg) [86]. Such experimental results have raised interest in
polymerized ionic liquids as potential candidate materials to overcome the
trade-off between mechanical strength and conductivity that plagues many
polymer electrolytes. In turn, such observations have also raised fundamen-
tal questions on the mechanisms and time scales underlying ion transport in
polymerized ionic liquids, along with the origin of differences in ion-transport
phenomena within polymerized ionic liquids and pure ionic liquids.
Motivated by the above issues, in a 2017 communication, we reported
the results of atomistic molecular dynamics simulations on the mechanisms un-
derlying ion motion and diffusivities in a specific model system of poly(1-butyl-
3-vinylimidazolium) hexafluorophosphate (pBvIm+-PF−6 ) polymerized-ionic-
liquid polyelectrolytes containing 32 repeat units [217]. There, we demon-
strated that anion transport in polymerized ionic liquids occurs through a
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Figure 3.1: Chemical composition of molecules corresponding to n = 1, 2,
and 3, where the imidazolium ring consists of resonance-stabilized carbon
and nitrogen atoms. n = 1 corresponds to a pure ionic liquid, 1-butyl-3-
methylimidazolium(BMIm)-PF−6 , which was investigated in depth in our ear-
lier study. [217] Polymers investigated in the present study contain n butyl-
imidazolium fragment bonded to repeating vinyl monomers, as shown for n = 2
and 3. Reference 147 – Reproduced by permission of the PCCP Owner Soci-
eties.
mechanism involving intra- and intermolecular ion hopping through the for-
mation and breaking of ion associations involving four polymerized cationic
monomers bonded to two different polymer chains. The resulting ion mobil-
ities were shown to be directly correlated with the average lifetimes of ion
associations. Moreover, such a trend was demonstrated to contrast with the
behavior in pure ionic liquids, wherein ion motion is more closely correlated
with structural relaxations of the surrounding medium.
In the present work, we expand upon the results of our 2017 commu-
nication by characterizing the ion-transport properties of pBvIm+-PF−6 poly-
merized ionic liquids with varying numbers of repeat units, including pure and
polymerized ionic liquids (Figure 3.1). [217] Consistent with corresponding ex-
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Figure 3.2: Diffusivity of PF−6 plotted versus the number of repeat units n.
Reference 147 – Reproduced by permission of the PCCP Owner Societies.
perimental results, our simulations indicate that the ionic diffusivity decreases
with increasing molecular weight and plateaus to an almost constant value for
longer polymers. At the same time, ion motion is seen to become less corre-
lated with structural relaxation times and more correlated with ion-association
lifetimes. Additionally, we characterize ionic and polymer coordination and
show that the ions move by a motion which resembles climbing a ladder with




Figure 3.2 shows data, borrowed from reference 147, depicting the trend
for diffusivity of PF−6 with respect to the number of repeat units. It can be
seen that the diffusivity drops dramatically when n increases in the range of
two to five monomers. However, the diffusivity changes are seen to become
much less significant when n increases from seven to 32 monomers. This data is
qualitatively consistent with the findings of Fan and coworkers, who reported a
similar drop in conductivity for polymerized ionic liquids of up to n = 10 [86].
For “long” polymers, lengthening the polymer appears to have less impact
upon the transport properties, but what is the cause of this phenomenon?
3.2.2 Structural Relaxation Times
We characterized the structural relaxation times, τC , as a first step
towards probing the mechanisms underlying the decoupling between the ion
mobilities and the mechanical properties of polymerized ionic liquids. In Fig-
ure 3.3 we display the results for τ−1C as a function of n at different temper-
atures. The general trend of τ−1C is seen to resemble the behavior of the dif-
fusivity, viz., increasing the temperature is seen to lower the relaxation times.
The most significant changes are seen to occur in the range between two to
five repeat units. Further increase in the number of repeat units is seen to
result in a much more gradual increase in τC .
In Figure 3.4(a), the ionic diffusivities D for different polymerized ionic
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Figure 3.3: Ion-association structural relaxation frequency τ−1C as a function
of n. Data for n = 1 and 32 taken from Reference 217. Reference 147 –





































Figure 3.4: D as a function of τ−1C , demonstrating the “super-ionic” behavior of
polymerized ionic liquids (D ∝ τ−αC with α < 1) compared to “ionic” behavior
exhibited by pure ionic liquids (D ∝ τ−1C ). Reference 147 – Reproduced by
permission of the PCCP Owner Societies.
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liquids are shown explicitly as a function of the frequency of ion-association
structural relaxation events, or τ−1C . There is an excellent correlation between
our results with the experimental results of Fan et al. [86]. Specifically, the
ionic mobilities in ionic liquids are seen to exhibit an “ionic” behavior wherein
D ∝ τ−1C . Such a result was also demonstrated more exhaustively in simula-
tions by Zhang and Maginn by considering a variety of pure ionic liquids [352].
In contrast, the polymerized ionic liquids are seen to exhibit a “super-ionic”
behavior D ∝ τ−αC , in which α < 1. While not readily apparent from the
data points themselves, the exponents underlying the fit for polymerized ionic
liquids were seen to transition from α ≃ 0.93 for short polymers (n = 2)
to α ≃ 0.75 for longer polymers (n = 16, 32). This suggests that there is a
gradual transition from the “ionic” behavior to “super-ionic” behavior with
an increase in the number of repeat units.
This only leaves us to argue that the ion-association structural relax-
ation is a good measure of the “true” structural relaxation time, allowing us
to reach conclusions regarding the decoupling behavior of these polymerized
ionic liquid systems. Fortunately, in our earlier study, [217] by explicit compar-
ison to decay of the intermediate scattering function S(q, t), we demonstrated
that the time scale extracted from the relaxation of ion associations, τC , cor-
responds to the true structural relaxation time for the system. Furthermore,
for both pure and polymerized ionic liquids, τC was found to follow a nearly
universal dependence on the temperature normalized as T/Tg.
Based on such results and other examples in literature [55, 354], fig-
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ure 3.4 confirms that the ionic mobilities of polymerized ionic liquids are in-
deed “decoupled” from the structural relaxation times in such systems. Such
a decoupling is seen to manifest as a gradual transition from an “ionic” be-
havior of D ∝ τ−1C for n = 1 to a “super-ionic” behavior of D ∝ τ−αC (α < 1),
for n > 1. However, for n > 5, the dependence of diffusivity on structural
relaxation times is seen to approach almost universal behavior — a feature
also consistent with the experimental observations. [86]
3.2.3 Mechanisms Underlying Ion Motion
In the preceding section, we presented results examining the correlation
between diffusivity and structural relaxation times, and demonstrated a “de-
coupling” similar to that observed in experiments. In this section, we seek to
identify the mechanisms underlying such a decoupling by characterizing differ-
ent aspects of ion coordination and motion as a function of molecular weight
in polymerized ionic liquids.
A number of prior studies of salt-doped polymer electrolytes, such as
poly(ethylene-oxide), have concluded that ion diffusion in such systems occurs
primarily through ion hopping along the polymer backbone [28,29,33,77,227].
In our earlier work, [216] we presented results which suggested the existence
of a similar mechanism in polymerized ionic liquids, but with ion coordina-
tion characteristics reflecting electrostatics and chemical interactions specific
to polymerized ionic liquids. Explicitly, for n = 32, we demonstrated that
ion diffusion manifests from a hopping mechanism, with the most probable
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coordination state of PF−6 involving four associated Im
+ from two distinct
polymers. [216] For the present study, we analyzed the coordination states of
PF−6 ions with Im
+ as a function of molecular weight to compare directly to
these results, and also to understand the relationship between these configu-
rations and the dynamics of ion hopping for varying polymer lengths.
In analyzing coordination states, we employed three key metrics: ionic,
inter-polymeric, and intra-polymer ionic coordination numbers. The ionic co-
ordination number Nc identifies the number of Im
+ within a 6.5 Å cutoff of a
given PF−6 . The polymer coordination number refers to the number of poly-
mers containing associated Im+ monomers, which lie within the 6.5 Å cutoff
of a given PF−6 . Finally, the intra-polymer ionic coordination number Ncp con-
siders only the number of Im+ monomers that are coordinated with a given
PF−6 , from the same polymer.
In Figure 3.5, the peak in the Nc distribution is seen to occur at Nc = 4,
matching the results presented in Mogurampelly et al. for a polymerized ionic
liquid of 32 repeat units [216]. More interestingly, this result is seen to be
invariant among different polymer lengths, suggesting that the high probability
of coordination between an anion and four cations likely represents an inherent
coordination feature of the anion and cation of the ionic liquids considered in
this work.
Figure 3.6 displays the distribution of the number of distinct polymers,
Np, involved in the coordination between an anion and cations. From the
peaks in the distributions, it can be deduced that the coordination state of
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Figure 3.5: Probability distribution of ionic coordination states for various
number of repeat units. Reference 147 – Reproduced by permission of the
PCCP Owner Societies.















Figure 3.6: Probability distribution of polymer coordination states for various
number of repeat units. Reference 147 – Reproduced by permission of the
PCCP Owner Societies.
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Figure 3.7: Probability distribution of intra-polymer ionic coordination states
for various number of repeat units. Reference 147 – Reproduced by permission
of the PCCP Owner Societies.
anions involve a larger number of polymers for short polymerized ionic liquids.
In contrast, for long polymers, the most probable coordination state (the peak
in the Np distribution) shifts to Np = 2, and becomes invariant with the
molecular weight of the polymerized ionic liquids for n & 5.
Complementing these results, in Figure 3.7, we quantify the distribution
of Ncp, representing the number of ionic associations with the same polymer
molecule. For polymerized ionic liquids of seven or more repeat units, the peak
of this distribution is seen to occur at Ncp = 2.
The discussion presented above relies primarily on the peak values of
the equilibrium distributions and does not provide any insights into the in-
fluence of such coordination states on the ion mobilities. Moreover, it can be
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seen that significant contributions also arise from other coordination states,
such as Nc = 3, 5; Np = 1 (particularly for long polymers); and Ncp = 1, 3 etc.
A true understanding of the impact of such states on ion mobility requires a
more detailed characterization of the diffusivity of ions with varying degrees
of coordination. Since bulk diffusion occurs on a longer timescale than that
which is characteristic of ionic association and dissociation, we could not effec-
tively analyze the direct influence of discrete association states upon the ion
self-diffusivity. As an alternative, the coordination states (Nc, Np, and Ncp)
for each PF−6 were averaged over the entire simulation and PF
−
6 with similar
values were binned together. We then computed the diffusivity of each group
of PF−6 using the mean-squared displacement for the corresponding binned ion
group.
Figure 3.8 shows the trend for diffusivity versus average ionic coordi-
nation. It reveals that PF−6 diffusivity is optimized with an optimal average
ionic configuration between three and four Im+. This is a somewhat surprising
result, as one might guess that a PF−6 that is associated with fewer ions would
be faster moving. It is also interesting to note that this is true, regardless of
the number of repeat units contained in the polymer.
Taken in aggregate, a pattern emerges in figure 3.9 whereby PF−6 dif-
fusivity increases with increasing average polymer coordination number. We
do see, within specific materials, that there is an optimal coordination number
where diffusivity is maximized. This highlights the role of polymer length, it-























Figure 3.8: Diffusivity of groups of PF−6 ions that are coordinated with a sim-
ilar number of ions across the entire simulation. Reference 147 – Reproduced
by permission of the PCCP Owner Societies.
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Figure 3.9: Diffusivity of groups of PF−6 ions that are coordinated with a
similar number of polymers across the entire simulation. Reference 147 –
Reproduced by permission of the PCCP Owner Societies.
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Figure 3.10: Diffusivity of groups of PF−6 ions that are coordinated with a
similar number of ions from the same polymer across the entire simulation.
Reference 147 – Reproduced by permission of the PCCP Owner Societies.
also tend to show increased polymer coordination. It is fair, however, to say
that high-polymer-coordination environments favor higher conductivity than
low-polymer-coordination environments for a given number of repeat units.
In the inverse manner, diffusivity generally decreases with increasing
intra-polymer ionic coordination number, as shown in figure 3.10. Taken to-
gether, the results of Figures 3.5-3.10 demonstrate that, for longer polymerized
ionic liquids, the state of Nc = 4, Np = 2, and Ncp = 2 are the most likely
to occur, and are effective at facilitating ion motion. For smaller polymerized
ionic liquids, the peaks in the distribution of Ncp are seen occur at smaller
values, representative of the smaller population of intra-polymer Im+ groups
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T = 500 K
T = 600 K
Figure 3.11: Frequency of type 1 hopping events, normalized by PF−6 . Refer-
ence 147 – Reproduced by permission of the PCCP Owner Societies.
available for coordination.
As a final step in resolving the mechanisms underlying ion motion in
polymerized ionic liquids, we quantified the different kinds of hopping mo-
tion underlying ion transport. Figure 3.11 shows that the frequency of type
1 hopping events generally increases with increasing number of repeat units.
Considering that as the number of monomers increases, the probability dis-
tribution for intra-polymer ionic coordination shifts higher (see figure 3.7),
there is no surprise embedded in this result. In an earlier work, we claimed
that type 1 hopping played a dominant role in facilitating ion transport, i.e.
around 99% of hopping events were categorized as intramolecular events. [217]
This occurred as a result of the restrictive definition for intermolecular, type
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T = 500 K
T = 600 K
Figure 3.12: Frequency of type 2 hopping events, normalized by PF−6 . Refer-
ence 147 – Reproduced by permission of the PCCP Owner Societies.
2, hopping.
Figure 3.12 reveals that with a more expansive, yet still faithful, defini-
tion for type 2 hopping, we have a higher fraction of hopping events categorized
as type 2. More interestingly, there is a monotonic trend of decreasing type
2 hopping frequency with increasing number of repeat units. Once again,
this fits intuitive expectations about ion transport in environments with sys-
tematically fewer polymers, decreasing the probability of an ion locating new
molecules or vacating old ones. It is interesting to note that, even for higher
monomer counts, we don’t see any deviation from the trend, suggesting that
this measure could be related to the trends observed in PF−6 diffusivity.
Taken together, the results of Figures 3.5-3.12 help us to formulate a
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nanoscale understanding of ion motion in ionic liquids and polymerized ionic
liquids. They also reveal the explicit differences in the mechanisms underlying
these different materials. Specifically, ion motion in pBvIm+-PF−6 polymerized
ionic liquids involves a coordination state of four Im+ from two different poly-
mers, with two Im+ belonging to each participating polymer. For smaller poly-
merized ionic liquids, higher and more variable polymer coordination numbers
are seen, likely influenced by the more limited possibility for intramolecular
coordination, in addition to the lower densities and higher free volumes in
smaller linker systems. Complementary dynamic analysis demonstrated that
ion motion in ionic liquids and small molecule polymerized ionic liquids in-
volve mostly type 2 hopping between distinct polymers. In contrast, in long
polymerized ionic liquids, ion motion primarily involves type 1 hopping, which
preserves the identities of the associated polymers. The latter is akin to an ion
motion which “climbs the ladder” between two polymer molecules via type 1
hopping along two associated polymers.
The above observations provide insights regarding the origin of de-
coupling between mobilities and structural relaxations observed in long poly-
merized ionic liquids. Explicitly, the observation that intermolecular hopping
involving multiple polymer chains underlies ion motion in small molecule poly-
merized ionic liquids is consistent with the structural relaxation dynamics of
the medium, i.e. of the polymer chains surrounding the associated ions, be-
ing of importance for such system [86, 352]. In contrast, for long molecule
polymerized ionic liquids, intramolecular hopping involving identical polymer
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chains were seen to play a role. For such motion, it can be envisioned that
the structural relaxations of the surrounding medium are less important in
influencing the ion motion.
For ion transport dominated by intramolecular hopping, the ion mobil-
ities can be expected to be correlated more strongly to the average lifetimes
of anion-cation associations instead of the structural relaxation times in such
systems. Indeed, in our earlier work [217], for polymerized ionic liquids of
n = 32, it was demonstrated that average ion-association lifetime, τS, pro-
vides a better characterization of the timescales underlying ionic mobilities in
polymerized ionic liquids. More explicitly, it was shown that the D ∝ τ−1S (for
n = 32) over the entire range of temperatures investigated therein. Below, we
present the dependence of the average ion-association lifetimes on the number
of repeat units to explicitly probe the transition of this correlation from short
to long polymerized ionic liquids.
In Figure 3.13, we display the results for ion-dissociation relaxation
frequency, τ−1S as a function of the number of repeat units. Broadly, the trends
for τ−1S are seen to resemble the behaviors observed in the context of ionic
diffusivity and the structural relaxation frequency. Specifically, in increasing
the length of the polymerized ionic liquid, the most significant changes in τ−1S
are seen to occur in the range between one to five repeat units, and further
increase in monomer count is seen to result in a much a more gradual decrease
in τ−1S . Such results are not surprising, since systems in which the matrix
exhibits faster dynamics are expected to facilitate more dissociation events.
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T = 500 K
T = 525 K
T = 550 K
T = 575 K
T = 600 K
Figure 3.13: Ion-dissociation relaxation frequency τ−1S as a function of number












































Figure 3.14: PF−6 diffusivity as a function of ion-dissociation relaxation fre-
quency τ−1S . Reference 147 – Reproduced by permission of the PCCP Owner
Societies.
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In Figure 3.14, we depict a quantitative comparison of the correla-
tion between the diffusivities and ion-dissociation relaxation frequency, τ−1S .
Within the representation of D ∝ τ−βS , it is seen that PF−6 diffusivities indeed
transition from β > 1 for short polymerized ionic liquids to β ≃ 1 for long poly-
merized ionic liquids. The non-monotonic trend in exponent between n = 1
and 3 may be due to a lower rate of back-reactions in pure-ionic-liquid systems
compared with short polymerized-ionic-liquid systems. These results confirm
the transition to intramolecular anion hopping as the dominant mode of ion
transport in polymerized-ionic-liquid membranes, and identify the molecular
mechanism underlying the decoupling of the ionic mobilities from structural
relaxations.
3.3 Conclusions
In this chapter, we used atomistic molecular dynamics simulations to
investigate PF−6 diffusion in poly(1-butyl-3-vinylimidazolium-PF
−
6 ) polymer-
ized ionic liquids with varying number of repeat units. PF−6 diffusivity was
observed to decrease with an increase in the length of the polymerized ionic
liquid. For short polymerized ionic liquids, we observed consistency with pre-
viously reported linear relationships between diffusivity and structural relax-
ation time for pure ionic liquids [217, 255, 257, 352]. For longer polymerized
ionic liquids, we observed deviations from such a linear relationship with a
behavior mirroring experimental observations.
We explored the nature of ion hopping, and demonstrated that the
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frequency of intramolecular (type 1) hopping events increases, and the fre-
quency of intermolecular (type 2) hopping events decreases monotonically as
the number of repeat units increase. This observation supports the traditional
perspective of ion hopping within polymer-electrolyte and polymerized-ionic-
liquid systems, which highlights the importance of ion hopping along a polymer
backbone in diffusion processes. Analysis of coordination states suggested that
the highest mobility ions move via a “ladder mechanism,” involving two poly-
mers, each with one, two, or three Im+ ions associating with a given PF−6 . In
support of such a mechanism, the PF−6 diffusivity was seen to transition to




Identifying variation of ion-transport
mechanisms in polymerized ionic liquids with
different polymerized cation chemistry
4.1 Introduction
Lithium-ion batteries continue to be a popular thrust of research for
portable power storage and energy solutions [202, 289, 303].1 A particular fo-
cus of the efforts in this context has been on the design of polymer materials
which can simultaneously provide the mechanical strength and charge trans-
port properties desired in electrolytes for such applications [2, 62, 180, 326].
However, liquid and neutral-polymer electrolyte materials consisting of simul-
taneously mobile anions and cations exhibit performance-hampering charge
polarization as a result of the coordinated diffusion of counterions and sub-
sequent buildup of anions near the anode [140, 197, 198]. In such a context,
single-ion conductors, materials in which either the anions or cations are co-
valently attached in a macromolecule, have been proposed as a solution. In
1Adapted with permission from Jordan R. Keith, Santosh Mogurampelly, Bill K. Whea-
tle, and Venkat Ganesan. Influence of side chain linker length on ion-transport properties
of polymeric ionic liquids. J. Poly. Sci. Part B: Polymer Physics, 55(23):1718-1723, 2017.
My contributions include designing and performing the research, contributing new analytic
tools, analyzing data, and writing the article. Copyright 2017 John Wiley and Sons.
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such materials, the coordinated diffusion of the ion pairs is significantly re-
duced, and as a result, the charge polarization effects are virtually eliminated,
resulting in transference numbers close to unity [153, 177, 193, 204, 300].
Ionic liquids are a class of materials which have attracted significant
attention in view of their excellent chemical stability, low volatility and toxic-
ity, and desirable compatibility with various polar and ionic media [9,115,231].
Due to such features, polymerized ionic liquids have emerged as popular single-
ion conducting materials. Early work by Ohno demonstrated that improve-
ments could be made on the conductivity of polymerized ionic liquids by swap-
ping the anionic and cationic moieties, and by doping the polymerized ionic liq-
uids with salts containing large, plasticizing ions [230]. Comprehensive reviews
have summarized the progress made since then for polymerized ionic liquids as
polyelectrolyte materials for batteries and other applications [112,209], and we
refer the interested reader to such sources for a discussion of the accompanying
developments.
A number of different physicochemical parameters have been exam-
ined to understand (and optimize) the transport properties of polymerized
ionic liquids [168, 179, 341]. The motivation for the present study comes
from a set of (superficially) conflicting experimental reports pertaining to
the influence of the length of the side chain of ionic liquids upon the trans-
port properties of polymerized ionic liquids. Specifically, for polymerized 1-
vinyl-3-alkyl imidazolium, Salas-de la Cruz and coworkers reported a decrease










Figure 4.1: Schematic of polymer used in this study. Reprinted with permis-
sion from reference 148. Copyright 2017 John Wiley and Sons.
Figure 4.1 [253]. In contrast, Choi and coworkers reported increasing ionic
conductivity with increasing Group 2 alkyl length (Figure 4.1) for a similar
imidazolium-based polymerized ionic liquid [60, 61]. Together, such observa-
tions have raised the question [73], “what are the mechanisms underlying the
influence of the linker side-chain length on the transport properties of poly-
merized ionic liquids?”
Herein, we report the results of atomistic computer simulations which
were used to study the structure and mechanisms underlying the effect of
Group-2-linker length (l) on the transport of non-polymerized ions. We quan-
tify the structural organization in such systems through the radial distributions
and the average intermolecular separation between cationic groups. Inspired
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by our recent findings in the context of ion-transport mechanisms in poly-
merized ionic liquids [217], we employ an analysis tool for identifying ionic
association/dissociation processes to elucidate the connection between the in-
termolecular ion-hopping mechanism and the PF−6 diffusion, and thereby iden-
tify the origins underlying the influence of side chain linker length.
In a 2017 article, we studied the transport properties of PF−6 counteri-
ons in poly(1-butyl-3-vinylimidazolium) electrolyte membranes (which corre-
sponds to the case of l = 0 in our notation of Figure 4.1) [217]. The polymers
were constructed and packed randomly into a simulation box containing eight
polyILs of 64 monomers each, along with 512 PF−6 counterions [206]. We begin
our discussion of results by presenting the focal result of this article; namely,
the diffusivity of PF−6 ions as a function of linker size and temperature. We
then discuss structural features using the radial distribution function. This
is followed by a brief discussion of the ion-association relaxation times. The
central ideas of this chapter are contained in the next discussion, which sys-
tematically explored ion hopping, intermolecular hopping distance, and ion-
dissociation relaxation time. Together, these results support our earlier con-
clusions regarding the role of ion-dissociation relaxation time (or frequency)
as a controlling timescale for ion transport in polymerized ionic liquids.
All simulations in the present work were conducted in the constant
pressure/temperature (NPT) ensemble, adjusting temperature every 100 fs
and pressure every 1 ps using a Nosé-Hoover thermostat and the Parrinello-
Rahman barostat [207, 238, 279, 314], and employed periodic boundary condi-
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tions with fixed linear momentum, zeroing the center of mass every 100 fs.
All simulations were conducted with a timestep of 1 fs. Identical polymers
containing 64 repeat units were constructed using Gaussview. We heated the
final configuration from from 0 K to 1,000 K. We then conducted the NPT
simulation for 2 ns at 1,000 K and 1 atm on the resulting configuration. We
packed eight polymer molecules and the balance (512) of PF−6 ions randomly
into a simulation box with cubic edges of 120 Å using the Packmol software
package [206].
We applied the minimization process to the PACKMOL output con-
figuration using the same tolerances. We heated the resulting configuration
for 100 ps from 0 K to 1,000 K using the NVE simulation, followed by a 2
ns constant pressure/temperature simulation at 1,000 K and 1 atm on the
resulting configuration. We followed this with a 100 ps cooling the resulting
configuration to 600 K. To complete equilibration, we applied the NPT sim-
ulation at 600 K and 1 atm for 84 ns. The length of production simulations
(data collected for analysis) was 30 ns for all temperatures (600 K, 550 K, and
500 K). We cooled each resulting configuration to 550 K and equilibrated the
system using constant temperature/pressure for 22 ns. Likewise, once produc-
tion was complete at 550 K, the final configuration was cooled to 500 K and
equilibrated using the constant temperature/pressure simulation for another
22 ns.
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(a) PF−6 diffusivity as a function of 1000/T




















(b) PF−6 diffusivity as a function of linker
length l.
Figure 4.2: Summary of PF−6 diffusivity for polymerized ionic liquids of dif-
ferent linker sizes l. Adapted with permission from reference 148. Copyright
2017 John Wiley and Sons.
4.2 Results
Figure 4.2 shows that, at a specified temperature, diffusivity increases
with linker length, matching the experimental results of Choi and coworkers
[60, 61]. This is shown in two ways. First, temperature-dependence reveals
Arhennius behavior, and it is clear from the graph of linker-dependence in
figure 4.2(b) that PF−6 diffusivity increases with increasing linker length.
Structural characteristics such as aggregate sizes and scattering profile
have been widely used in prior studies to understand the mechanisms under-
lying transport phenomena in polymer electrolyte and single-ion conducting
materials [24,42,120,121,151,184,184,193,234]. Figure 4.3 displays the density-
normalized radial distribution functions g(r) for Im+-PF−6 pairs for the systems
considered in the present systems. Specifically, the cation is represented by
the center of mass of imidazolium-ring atoms (Im+) owing to the dominant
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Figure 4.3: Radial distribution function of cation-anion coordination at 500 K
for polymerized ionic liquids of varying linker length. Reprinted with permis-
sion from reference 148. Copyright 2017 John Wiley and Sons.
share of positive charge, while the anion is represented by its full center of
mass. The strongest electrostatic interactions exist between PF−6 and Im
+,
justifying incorporation of the ring atoms into the cationic center of mass. A
sharp and consistent peak is seen for all linker sizes at an interionic distance of
5.5 Å. This suggests that the cation-anion local structure, with respect to the
distance characterizing the first peak, is not influenced by the size of the linker
groups in the polymerized ionic liquid. However, the most notable difference
can be found in the intensity of the first peak, which is seen to increase mono-
tonically with the size of the linker. Such trends are indicative of a stronger
interaction between the cation and anion for larger linker sizes, and can be un-
derstood to be a result of the weaker impact of backbone related constraints
hindering the ion pair coordinations.
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A second peak is seen in g(r) at a distance of 12.5 Å for l = 4 and 6,
but is seen to be shifted to 11-11.5 Å for l = 2. Such trends are consistent
with our results for l = 0 reported in Mogurampelly et al. [217], wherein it was
shown that relative to pure (non-polymerized) ionic liquid, the polymerization
of the ionic liquid monomer leads to a closer cation-anion second peak. It
may be envisioned that systems with longer linker chains exhibit a behavior
closer to non-polymerized ionic liquids due to the accompanying reduction
in backbone-related constraints. The extent of second-coordination shell and
corresponding peak value may indicate slightly increased ionic displacements
with linker length. However, since the first peak is stronger, it is not clear
whether the combined structural features revealed by g(r) could explain the
effect of linker length on ionic diffusivities. Overall, the above results indicate
that, at the level of equilibrium cation-anion coordination behaviors, there are
no specific signatures which rationalize the enhanced PF−6 diffusivities observed
for longer linker systems.
In a 2017 work from our group [217], we used atomistic-molecular-
dynamics simulations to demonstrate that ion transport in polymerized ionic
liquids occur through a mechanism involving intra- and inter-molecular ion
hopping through the formation and breaking of ion-associations. As a con-
sequence, the ion mobilities in polymerized ionic liquids were shown to be
inversely correlated to the average lifetimes of the cation-anion associations.
Such results were shown to be in contrast with the behavior in pure ionic liq-























(a) PF−6 diffusivity as a function of ion-
dissociation relaxation frequency fS .















(b) Ion-dissociation relaxation frequency fS
versus linker length l.
Figure 4.4: Response of ion-dissociation relaxation frequency to changes in
polymerized ionic liquid linker length. Adapted with permission from refer-
ence 148. Copyright 2017 John Wiley and Sons.
underlying ion mobilities [1, 217, 256]. Motivated by such earlier findings, in
the present work, we sought to characterize whether the linker-size-dependent
ion diffusivities are correlated to the respective average lifetimes of the ion as-
sociations, and if so, the manner by which the linker size influences the latter
time scales.
In Figure 4.4(a), we present results for the ion diffusivities as a function
of ion-dissociation relaxation frequency fS, obtained from fitting the decay to
the stretched exponential function, as described in chapter 2. We observe that
the ion diffusivities in different polymerized ionic liquid linker systems can
indeed be collapsed onto an approximately universal function when plotted in
such a representation. Such results are consistent with the conclusions of our
previous work [217]. This also suggests that the mechanisms underlying the
results displayed in Figure 4.2(a) are likely tied to the influence of the linker
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on the average lifetimes of the ion-pairs. Such reasoning is confirmed in the
results of Figure 4.4(b), which explicitly displays the inverse average lifetimes
of the ion-pairs fS = τ
−1
S as a function of the linker length and temperature.
Therein, it can be seen that with increasing linker length, there is a reduction in
average lifetimes of the ion-associations τS, a result which mirrors the behavior
observed for the ion diffusivities in figure 4.2(b).
Since the ion pair lifetimes are expected to be influenced by the number
and rate of inter/intramolecular hopping events, we turn our attention to the
latter characteristics and the influence of linker size upon such features [217].
For such an objective, we use a 1 ps time interval to collect the association
variable h(t), which changes from null to unity (or unity to null) when the
PF−6 ion becomes associated (dissociated) with a Im
+. We identified two cat-
egories of hopping events: intramolecular and intermolecular. Intramolecular
hopping events characterize hopping motion of a PF−6 ion from monomer to
monomer on the same polymer. In contrast, intermolecular hopping events
represent PF−6 hopping among monomers of different polymers.
In Figure 4.5 we present results depicting the number of intra- (denoted
asN1) and intermolecular (N2) hopping events as a function of the linker length
and temperature. We observe that polymerized ionic liquids possessing longer
linker segments exhibit a larger number of intermolecular hopping events N2,
and a smaller number of intramolecular events N1. Moreover, it can be seen
that the total number of hopping events (N1 + N2) increases with increasing





















T = 400 K
T = 450 K
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Figure 4.5: Frequency of intra (solid symbols, N1), inter (open symbols, N2)
and total (no symbols) molecular hopping events per PF−6 per ns for poly-
merized ionic liquids of varying linker length. Reprinted with permission from
reference 148. Copyright 2017 John Wiley and Sons.
segments leads to a larger number of intermolecular-ion-hopping events, which
lowers the average lifetimes of the ion associations and leads to higher ion
mobilities.
As a final step in the understanding of the ion mobility characteristics,
we seek to identify the origin of the linker size’s influence on the intermolec-
ular hopping events. In this regard, we were inspired by the works of Anna-
pureddy [5] and Salas-de la Cruz [253], which pointed to the intermolecular
separation distance of polymerized-ionic groups as an important length scale
in ionic liquids. To characterize such a measure, we compiled the average
intermolecular-nearest-neighbor distance between cationic centers-of-mass, dp.
The results are presented in Figure 4.6, wherein it can be seen that an increase
in the linker size leads to a reduction in the intermolecular distance between
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Figure 4.6: Average minimum intermolecular distance dp between Im
+ as a
function of the linker size l and temperature. Adapted with permission from
reference 148. Copyright 2017 John Wiley and Sons.
cationic Im+ groups, dp.
Some clarification may be helpful with regard to the the definition
of the intermolecular cationic distance dp, and the intermolecular backbone
distance db. The value dp is defined as average intermolecular-nearest-neighbor
distance between Group-2-linked nitrogen atoms. For every Im+, there is
another Im+ from a different polymer molecule that is closest to it. The
distance between these two atoms is averaged over all Im+ for all saved frames
to determine dp.
The above results indicate that the influence of linker size on the inter-
molecular hopping events can be traced back to the role of the linkers in mod-
ulating dp. More explicitly, an increase in the linker size of polymerized ionic
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liquids leads to more proximally located intermolecular cationic groups, which
increases the frequency of intermolecular hopping events and the associated
rate of ion pair hopping events. Such characteristics manifest macroscopically
as enhanced PF−6 mobilities (and conductivities).
We propose that our above finding is consistent with the (apparently)
conflicting experimental observations of Salas-de la Cruz et al., who reported a
decrease in conductivity with increasing length of the Group 1 alkyl side chain
in Figure 4.1 [253]. Our results showed a closer approach of cationic groups
due to the increased length and flexibility of the Group-2 linker segment. In
contrast, extending the Group 1 alkyl chain, such as in the work of Salas-de
la Cruz, is more likely to reduce the possibilities for cation rearrangement and
increase the corresponding intercationic distances. Therefore, for situations
where the Group-1 side chain length is increased, we expect the propensity for
intermolecular hopping to be lowered, and the corresponding rates of ion pair
hopping events to become slower. In turn, such characteristics are expected
to manifest in lower ion mobilities as noted in the experiments [253].
4.3 Conclusions
In summary, this study probed the effects and mechanisms underlying
changes in monomer linker length on the transport properties of polymerized
ionic liquids using atomistic simulations. Our simulation results were con-
sistent with experimental observations that an increase in the linker length
leads to a corresponding enhancement in anion mobilities. We rationalized
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our results and related experimental observations by demonstrating that ion
motion in such systems proceeds primarily through intra- and intermolecular
hopping. Moreover, an increase in the linker length was shown to increase
the propensity for intermolecular ion hopping through the influence of the
former upon the intermolecular cationic distances. The results of our study
highlight the intermolecular cationic distances as a novel physicochemical pa-




Analyzing the influence of varying
mobile-anion chemistry on ion transport in
polymerized ionic liquids
5.1 Introduction
Polymerized ionic liquids have attracted significant attention in the pur-
suit of polymer electrolytes possessing an optimal combination of mechanical
strength, conductivity and transference number [229,247,276].1 These macro-
molecules carry ionic liquid species as repeat units, combining the attractive
properties of ionic liquids with the improved mechanical properties and ar-
chitectural richness of polymeric materials. Moreover, unlike other classes of
single-ion conductors, polymerized ionic liquids typically possess lower glass-
transition temperatures even at high charge densities due to the weaker elec-
trostatic ion-pair interactions characteristic of ionic liquids [209, 276].
A number of experimental and simulation studies have probed the dy-
namical properties of ionic liquids, and have identified the molecular param-
1Adapted with permission from Jordan R. Keith, Nathan J. Rebello, Benjamin J. Cowen,
and Venkat Ganesan. Influence of Counterion Structure on Conductivity of Polymerized
Ionic Liquids. ACS Macro Letters, 8:387-392, 2019. My contributions include designing and
performing the research, contributing new analytic tools, analyzing data, and writing the
article. Copyright 2019 American Chemical Society.
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eters underlying such characteristics. For instance, the diffusion coefficient of
the ions have been found to decrease with an increase in the size, conforma-
tional flexibility and the shape of the ions [157, 293, 312, 313]. Other studies
have demonstrated that the magnitude and directionality of the interaction
energy of the ion pairs plays an important role in determining the transport
properties [262,291,292,313]. Recently, Maginn and coworkers considered the
dynamical properties of a wide variety of ionic liquids and demonstrated that
the diffusivities of the ions obeys a universal correlation to the inverse of ion
pair/cage timescales [352].
In contrast to the status above in the context of ionic liquids, a compa-
rable understanding of the dynamical properties of polymerized ionic liquids
does not exist. Among the different observations reported in polymerized ionic
liquids, significant interest has arisen in a specific finding termed as “decou-
pling” between ionic conductivity and glass transition or segmental dynamics.
Explicitly, such a terminology has been used to refer to the property in which
the dc conductivity of the polymerized ionic liquid exceeds that of its ionic
liquid counterpart at their respective calorimetric glass-transition tempera-
ture [86, 87, 101, 113, 217, 323, 324].
Motivated by such experimental observations, in a series of studies from
2017-2018, we examined the mechanisms underlying ion transport in poly-
merized ionic liquids using atomistic molecular dynamics [147, 148, 215, 217].
Therein, we demonstrated that PF−6 anions exhibited a delocalized coordina-
tion involving multiple cations from distinct polymer chains. Further, trans-
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port in polymerized ionic liquids was shown to occur through a combination
of intra- and intermolecular ion hopping, involving the formation and break-
ing of ion associations between the anions and polymerized cationic monomers
bonded to different polymer chains. Based on an analysis of the accompanying
time scales, we rationalized the phenomena of “decoupling” as a consequence
of such ion hopping motion which was distinct from those observed in ionic
liquids.
Despite the insights arising from the studies described above, a number
of issues regarding the mechanisms and conductivity properties of polymerized
ionic liquids remain to be resolved. Among these, there is still less clarity on
the influence of the physicochemical characteristics of the counterion on trans-
port properties. For instance, Ye and Elabd showed that ionic conductivity of
polymerized ionic liquids are influenced by both the size and symmetry of the
anion and the dissociation energy of the ion pair [341]. In a different study,
Sangoro, Runt and coworkers investigated the influence of different counte-
rions on ion transport and observed that smaller sized counterions exhibit a
larger degree of decoupling [134].
More recently, Winey and coworkers chose a trisaminocyclopropenium
polycation, which is “electron-rich with a highly delocalized charge,” to pro-
mote ion hopping, and demonstrated a 4-6 order-of-magnitude increase in
dc ionic conductivity of the polymerized ionic liquid over the ionic liquid at
their respective glass-transition temperatures [113]. Simmons and coworkers
followed with coarse-grained simulations that revealed size-sensitivity and im-
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proved decoupling in percolated networks of ionic aggregates [58].
Other studies have also considered the influence of ion pair properties
on the glass transition temperature of polymerized ionic liquids. For instance,
Colby and coworkers suggested that the glass-transition temperature of a poly-
merized ionic liquid exhibits a direct correlation with the ion-pair volumes of
such materials [60]. Subsequent work by Sokolov and coworkers expanded such
a model to include effects such as chain stiffness and dielectric constant of the
polymer [21].
In this work, we seek to shed light on the influence of the physico-
chemical properties of the counterion on the its transport properties in poly-
merized ionic liquids. Specifically, we use atomistic simulations to probe the
transport properties of 1-butyl-3-vinylimidazolium (pBvIm+) with eight differ-




pentafluoroethyl sulfate (PfO−), bispentafluoroethyl-sulfonylimide (PFSI−),
trifluoromethyl sulfate (TfO−), and bistrifluoromethyl-sulfonylimide (TFSI−).
This list encompasses the bulk of computationally probed ionic-liquid an-
ions with well-established inter- and intra-molecular interaction parameters
[47, 72, 188, 317].
Within such a group are subsets of spherically symmetric and linear
molecules spanning a wide range of sizes. The linear ions can be further
grouped into two canonical ionic-liquid chemical moieties: sulfates and sul-
fonylimides. By choosing a variety of counterions with differing sizes, sym-
metries and chemical characteristics, we seek to identify the parameters in-
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Figure 5.1: The polymerized ionic liquid monomer (pBvIm+) and the eight
ionic liquid anions explored in this study. Molecular volumes collected from ref-
erences 286 and 203 (pBvIm+), 14 (TFSI− and TfO−, plus PfO− and PFSI− by
group contribution), and 141 (AlCl−4 , BF
−
4 , Br
−, Cl−). Reprinted with per-
mission from reference 149. Copyright 2019 American Chemical Society.
fluencing the conductivity characteristics of polymerized ionic liquids and the
mechanisms underlying such properties.
Figure 5.1 shows the ions under investigation. Molecular volumes
shown in the figure were compiled from a number other sources, with some
results, specifically some fluoronated ionic species and the polymer backbone




5.2.1 Association distance and the unbiased cutoff radius
The “center” of the cations was taken to be the nitrogen labeled NA2
(polymerized ionic liquid) and iNA2 (ionic liquid). Likewise, we chose a single
atom within each anion to represent its center: Al (AlCl−4 ), B (BF
−
4 ), Br (Br
−),
Cl (Cl−), SN (PfO−), NP (PFSI−), ST (TfO−), and NF (TFSI−). These atom
identifiers, and all other atom identifiers, can be located in Figure 5.2. For the
spherically symmetric species and the linear asymmetric TfO− and PfO−, the
choices could be naturally tied to the distributed charge geometry, focusing at-
tention on the region of concentrated negative charge. For TFSI− and PFSI−,
although the nitrogen does not reflect a charge-centered atom, it was selected
to ensure that only one atom represented each anion, and that the proposed
center would not reside where the association distance could be nonphysically
close to zero.
All hydrogen atoms in the BmIm+ and pBvIm+ are left out of figure 5.2
to improve its clarity. Hydrogen atoms are named to mirror the carbon atom
to which they are connected. For example, the hydrogen atoms bonded to
CA are named HA. Likewise, those bonded to iCA are named iHA. All anion
atoms are explicitly labeled, and are color-coded to match their respective
data throughout the chapter.
The cutoff distance is a critical quantity in a number of our analysis
methods, including the intermittent ion-association auto-correlation function
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Figure 5.2: Mapping for all ions and polymers included in this study. The
positive- or negative-charged label indicates the cation or anion center atom
chosen to represent the ion in coordination and association studies. Hydrogen
atoms are left out for improved clarity. Ions are as follows, from upper left
to lower right: BmIm+ (grey), pBvIm+ (grey), AlCl−4 (black), BF
−
4 (red),
Br− (green), TfO− (violet), Cl− (blue), PfO− (brown), TFSI− (turquoise),
and PFSI− (orange). Reprinted with permission from reference 149. Copyright
2019 American Chemical Society.
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(C(t)), continuous ion-association auto-correlation function (S(t)), coordina-
tion profile, and ion hopping frequencies.
Previously, we utilized a constant, arbitrarily chosen cutoff for the sin-
gle anion type investigated in atomistic molecular dynamics simulations of
polymerized ionic liquids, PF−6 [147, 148, 217]. Now, confronted with varying
shape and dimensional characteristics for each ion, a consistent and univer-
sal definition must be created. We settled on a formulation using the radial
distribution function g(r).
The choice is the distance at which g(r) = 1 on the negative slope of
the first coordination peak. We will refer to such a distance as the radius of
ionic association, which should not be confused with the radius for ion pairing.
Ion pairing distance is better represented by the radius at which the average
coordination number reaches 1.0.
Figure 5.3 shows these distances, along with the radius of the maximum
in the first peak of the g(r). For the spherical ions and TFSI−, the maximum
peak falls beyond the ion-pair distance. This suggests that multiple anions
can be closely associated to a single cation. This is an important distinction,
as we are purposefully using associated rather than bound to avoid implying
that ions require higher energy to escape association. This detail will emerge
later in our analysis.
To conclude this discussion, the maximum peaks for PfO−, TfO−, and
PFSI− lie inside of the respective ion-pair cutoff, implying that not all cations
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Figure 5.3: Open symbols are cutoff distance based on the entire first peak of
the radial distribution function g(r). Solid filled symbols represent the radius
at which the first maximum in the radial distribution function is observed. The
patterned symbols show the radius at which the average coordination number
is 1.0 (ion-pair cutoff distance). The ions are presented left to right in order
of counductivty/dynamics-decoupling extent. Reprinted with permission from
reference 149. Copyright 2019 American Chemical Society.
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have a closely associated counterpart. It is worth noting the disparity between
the first-peak radius and the ion-pair radius in TFSI−, and to a lesser extent,
AlCl−4 . These two species emerge as key, highly decoupled species, and we
devote some attention to analyzing the underlying origins. Finally, the overall
trends in the solid-filled and pattern-filled in Figure 5.3 follow the trend of the
association cutoff distance (open symbols). PFSI− and TFSI− have similar
distances, as do PfO− and TfO−. AlCl−4 falls between these two sets, while
the remaining spherical species lie below the rest, with the distances directly
proportional to the ionic radius.
5.2.2 Determining glass-transition temperature
We determined the glass-transition temperatures for all of the polymerized-
ionic-liquid and ionic-liquid materials evaluated in this study. We used the
volumetric expansion method by quantifying density as a function of tem-
perature. For ionic liquids, fast structural relaxation allows the materials to
equilibrate quickly, thus enabling the use of a rapid cooling rate of 5 K/ns.
Beginning with a well-equilibrated configuration at 450 K, we continuously
and linearly cooled the sample to 100 K for 100 ns of simulation time. We
used a constant temperature/pressure plus integrator to run the simulations,
but we forced the temperature to change step-wise to maintain the cooling
rate.
Figure 5.4 shows the result of the volumetric expansion method of











(a) Ionic liquid BmIm+-Cl−.









(b) Polymnerized ionic liquid pBvIm+-Cl−.
Figure 5.4: Example plots of volumetric expansion results for quantifying glass-
transition temperature. Reprinted with permission from reference 149. Copy-
right 2019 American Chemical Society.
ionic liquid materials containing Cl−. These plots appear to be quite suc-
cessful at capturing the transition point, with its hallmark “kink” and corre-
sponding non-equilibrium free volume above the curve at low temperatures.
Figure 5.4(a) also contains the fitting lines for both high- (red) and low-
temperature (blue) regions of the density curve. The green dotted line on
each graph draws the reader’s attention to the intersection point of the two
fitting lines. The value of temperature at these intersections represents glass-
transition temperature. Ionic liquid glass-transition temperatures are reported
in Table 5.1, column 2.
The glass-transition temperatures for polymerized ionic liquids were
more difficult to extract. Polymerized ionic liquids relax at a much slower
rate, causing uncertainty in the values of density extracted from rapid cooling











Table 5.1: Values of glass-transition temperature (Tg) extracted from the in-
tersection of lines fit above and below Tg on density versus temperature plots.
For ionic liquid (IL) and polymerized ionic liquid (polyIL) containing the noted
anion.
thermore, the range of possible values for glass-transition temperature was
extensive upon initial inspection.
Many early attempts were made to characterize glass-transition tem-
peratures using prior knowledge of experimental values for these materials.
Glass-transition temperatures are known from experiment for five of the eight
polymerized ionic liquids tested in this study. An empirical fit between the
molecular volume of the ion pair and glass-transition temperature, proposed
by Bocharova et al., provided an estimate of the unknown glass-transition















where Tg0 represents the glass-transition temperature of an infinitely long poly-
mer.


























Figure 5.5: Experimental and empirically derived infinite-length-polymer
Tg for all polymerized ionic liquids tested in this study. Reprinted with per-
mission from reference 149. Copyright 2019 American Chemical Society.
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ter (K), which reflects the influence of variable molecular weight, as described
by Bocharova et al., who cited Ueberreiter and Kanig [21, 316]. Figure 5.5
summarizes this information, and a number of sources are credited with these
experimental results, while differing values are averaged to the value shown on
this plot [111, 134, 224]. Molecular volume measurements were compiled from
a number other sources, with some results, specifically for some fluoronated
ionic species and the polymerized-ionic-liquid backbone atoms, being derived
from group contribution volume estimating [14, 141, 203, 286].
Given that such values represent the dynamics of infinitely long poly-
mers, it is reasonable to assume that the lower molecular weight tested in this
study will lead to lower glass-transition temperature. Our search space ini-
tially included 250 K to 600 K, depending on the material and the expected
value of glass-transition temperature. We tried the same procedure used with
success on the ionic liquids for these ranges at cooling rates of 5 K/ns, 1 K/ns,
0.4 K/ns. In all cases, we failed to isolate a repeatably identifiable transition.
The force field parameters utilized in this study are not validated
against experimental properties such as density in the polymerized ionic liq-
uids. Nor are the molecular volumes, derived from experiment, necessarily
representative of such values in the simulation environment. Thus, we cannot
be certain that these materials will follow the same trends identified in real
materials. This makes it crucial to extract glass-transition temperature from
simulation. In a final attempt to extract glass-transition temperature, we used
constant pressure/temperature simulations with 100 ns of equilibration time
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and 50 ns of production data collection to compute the average density at over
intervals of 25 K from 25 to 650 K.
Figure 5.4(b) shows the results of this procedure for the pBvIm+-
Cl− polymerized ionic liquid. We are encouraged by the obvious change in
slope that occurs near the glass-transition temperature for each material. Val-
ues were extracted using the same procedure described for ionic liquids and
are included in column 3 of Table 5.1 for the reader’s convenience. These val-
ues are surprisingly low, given the experimental values shown previously. We
speculate that the use of empirically charge scaled force fields to be a potential
origin for these discrepancies.
5.2.3 Mobility
In polymerized-ionic-liquid systems, the mobility of the polymerized
counterions is expected to be small relative to the free counterions. Hence, the
conductivities are approximated as proportional to the product of the concen-
tration of charge carriers and the diffusivity of the nonpolymerized counterions.
To render a comparison of the transport properties of different polymerized
ionic liquid systems, in figure 5.6 we display the results for the Nernst-Einstein
conductivity as a function of the inverse glass-transition-normalized tempera-
ture (Tg/T ).
Since we probed the same range of temperatures for the different sys-
tems, the ranges of normalized temperatures do not generally overlap for differ-
ent materials. Based on the results displayed, at a specified Tg/T the following
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Figure 5.6: Nernst-Einstein conductivity of polymerized ionic liquids plotted
against Tg/T, the inverse glass-transition-normalized temperature. Reprinted
with permission from reference 149. Copyright 2019 American Chemical So-
ciety.
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order is observed for the highest to lowest ion mobilities in these polymerized
ionic liquids: BF−4 < PfO
−< PFSI−< Br−< TfO−< AlCl−4 < TFSI
−< Cl−.
Further, since the polymeric backbone and the cation was maintained the
same, the differences in the ion mobilities at the same Tg/T can be construed
as a measure of the extent of decoupling between ion mobility and segmental
dynamics.
Are the ion mobilities/conductivities of different polymerized ionic liq-
uids correlated with the counterion size? As discussed in the introduction, a
number of studies in the context of ionic liquids and polymerized ionic liquids
have suggested that counterion size is a critical parameter which influences
ion mobilities [157, 293, 312, 313]. Explicitly, in accord with intuitive expec-
tations, such studies have reported that smaller ions are expected to have
higher mobilities [134]. More recently, coarse-grained simulations by Simmons
et al. reported that small free ions exhibit increased extent of decoupling from
polymer segmental dynamics [58].
To probe whether our results agree with such expectations, we display
a histogram of three distinct size measures in Figure 5.7, with ions organized
from left to right by increasing magnitude of mobilities at a specified Tg/T as
deduced from Figure 5.6. The values from the open symbols were derived from
ion volumes reported by a variety of experimental sources [14, 141, 203, 286],
assuming a spherical shape. Considering the potential impact of shape on
coordination behavior, two other coordination distances are also included in
the plot as a surrogate for the size of the ion. From the results displayed, it is
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Figure 5.7: Histogram showing various measures of ion size of the least- to
most-decoupled ions in this study (left to right). Empty bars represent hypo-
thetical spherical radii, computed from molecular volumes reported in litera-
ture. [14,141,203,286] Solid-filled symbols show the distance corresponding to
the first maximum in g(r). Finally, the pattern-filled symbols show the dis-
tance at which the average ionic coordination number reaches 1.0. Reprinted
with permission from reference 149. Copyright 2019 American Chemical So-
ciety.
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anion IL300K IL350K IL400K IL450K
AlCl−4 1.0001 0.99306 0.99522 1.0017
BF−4 0.99083 0.99944 1.0012 0.99948
Br− 1.002 1.0023 1.008 0.98866
Cl− 0.84264 1.0032 1.0013 0.99114
PfO− 0.99112 1.0009 1.0099 1.0039
PFSI− 0.9977 0.99911 1.0018 0.99632
TfO− 0.99934 1.0051 0.99344 0.99445
TFSI− 0.99082 0.99036 0.99914 0.99711
Table 5.2: β linearity parameter for anions in ionic liquids with varying coun-
terion.
clearly seen that ion volume correlation, and even coordination distances, are
insufficient as unique parameters to explain the ion mobilities in polymerized-
ionic-liquid systems.
Are the ion mobilities correlated to the counterion size within the spe-
cific ion classes? To address this question, we classify the ions into three
categories based on their physiochemical characteristics, viz., spherically sym-
metric ions (AlCl−4 , BF
−
4 , Br
−, Cl−), sulfates (PfO−, TfO−), and sulfonylimides
(PFSI−, TFSI−). We observe that the extent of ion mobilities following order:
1) spherical ions: BF−4 > Br
− < AlCl−4 > Cl
−, 2) sulfates: PfO− < TfO− ,
and 3) sulfonylimides: PFSI− < TFSI−. With the exception of AlCl−4 (bold
for emphasis), which is part of the spherical class, the rest of the ions appear
to follow the expected trend with their respective classes. AlCl−4 is the largest
spherical ion but has a higher ion mobility than both BF−4 and Br
−.
Tables 5.2 and 5.3 shows the quality of the results reported in this work.
All β fall within 20% of unity. Excluding BmIm+-Cl− at 300 K, all linearity
99
anion polyIL500K polyIL550K polyIL600K
AlCl−4 0.99213 0.99961 0.97382
BF−4 0.94208 0.9949 1.0099
Br− 1.0083 1.0038 0.93964
Cl− 0.9827 0.95703 0.99264
PfO− 0.95254 0.92745 0.99193
PFSI− 0.99227 0.95673 0.99454
TfO− 0.98079 1.0033 0.98691
TFSI− 0.97983 0.97015 0.99516
Table 5.3: β linearity parameter for anions in ionic liquids and polymerized
ionic liquids with varying counterion.
anion IL300K IL350K IL400K IL450K
AlCl−4 1.0025 1.0077 0.99371 1.0091
BF−4 0.98842 0.9935 0.99377 0.99482
Br− 0.97428 0.99276 1.0047 1.0027
Cl− 1.0107 0.99394 0.99972 1.0042
PfO− 1.0094 0.98953 0.99833 1.0035
PFSI− 1.0029 0.99805 1.0076 1.001
TfO− 1.0001 0.99097 0.99747 0.99289
TFSI− 1.0027 0.97626 1.0083 1.0058
Table 5.4: β linearity parameter for cations in ionic liquids with varying coun-
terion.
parameters fall within 10% of unity. Further excepting pBvIm+-PfO− at 550
K, all values are within 5% of unity.
Table 5.4 shows that β for the cation mean-squared displacements are
even better behaved, all falling within 3% of unity. Excepting two cases
(BF−4 300K and Br
−
300K), the rest fall within 1% of unity. Figure 5.8 shows
the diffusivities of the BmIm+ cations for each system and temperature.
Figure 5.9 summarizes anion diffusivities for all ionic-liquid and polymerized-
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Figure 5.8: BmIm+ diffusivity for ionic liquid with varying counterion.
ionic-liquid systems and temperatures. A few salient features emerge from this
figure. First, anions in ionic liquids show a markedly steeper decline in the
logarithm of diffusivity than their polymerized ionic liquid counterparts. Ad-
ditionally, the negative concavity of the ionic-liquid anion diffusivity curve
suggests that probing lower temperatures would reveal increasingly steep de-
clines for all species. For polymerized-ionic-liquid anions, the linearity in Fig-
ure 5.9 is striking, but no direct comparisons with ionic liquids are possible
due to the difficulty of accessing dynamical properties for these systems at low
temperatures.
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Figure 5.9: Anion diffusivity for all ionic liquids and polymerized ionic liq-
uids in the counterion study. Reprinted with permission from reference 149.






















(a) pBvIm+-anion radial distribution func-
tion g(r) for all ions in this study.



















(b) Ionic coordination number (Nc) distribu-
tion for all ions.
Figure 5.10: Structure properties for polymerized ionic liquids with varying
counterion. Reprinted with permission from reference 149. Copyright 2019
American Chemical Society.
5.2.4 Structure and association
To understand the origins underlying the results for AlCl−4 , we consider
the cation-anion radial distribution functions g(r), displayed in Figure 5.10(a).
Therein, it is seen that among the spherical ions, AlCl−4 (black line) exhibits a
much weaker extent (relative to the other spherical anions’ blue, green, and red
lines) of coordination with the cations. To substantiate such results, we also
display Figure 5.10(b), the probability distribution of the number of cations
coordinated with the anion.
It is seen that while BF−4 , Br
− and Cl− exhibit a sharply peaked dis-
tribution at Nc = 4, AlCl
−
4 exhibits a much broader distribution, with almost
equal probability of coordination with four and five cations. Such results con-
firm the delocalized coordination exhibited by AlCl−4 anion in contrast to the
103
other spherical anions.
Together, the above results indicate that within classes of ions which
share the same physical or chemical characteristics, ion sizes do indeed serve
as a useful measure to identify the relative values of ion mobilities. However,
based on the results for AlCl−4 within the spherical class of ions, it is clear
that such a correlation is not necessarily sufficient to identify the order of
ion mobilities. Indeed, it is seen that for AlCl−4 , the delocalized coordination
between the anion and the cations is sufficient to overcome the influence of
size relative to BF−4 and Br
−. However, Cl−, which exhibits the strongest
peak in the coordination with the cation, exhibits the fastest ion mobility — a
consequence of its size. With respect to the other classes of ions (sulfates and
sulfonylimides), we observe that while there are differences in the coordination
behavior (Figure 5.10), such differences are much less pronounced, thereby
rationalizing the stronger influence of the ion sizes on their mobilities.
5.2.5 Ion-association relaxation
Are there universal correlations underlying the transport properties of
different polymerized-ionic-liquid systems? As discussed in the introduction,
Maginn and coworkers have used molecular dynamics simulations to quan-
tify the Nernst-Einstein conductivities, and demonstrated that such transport
properties exhibit a universal correlation to the ion-pair/ion-cage relaxation
time of the system [352]. We studied ion mobilities in polymerized-ionic-liquid
systems [147,148,215,217], and demonstrated that, due to the ion hopping na-
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Figure 5.11: Average lifetime of ion pairs versus temperature when varying
counterion. Reprinted with permission from reference 149. Copyright 2019
American Chemical Society.
ture of the motion in such systems, the correlation between the ion diffusivities
and the ion-pair lifetimes were different from the functional form observed in
the corresponding ionic liquid systems. However, since all of our earlier stud-
ies pertained to only the case of PF−6 anion, an interrogation of universality,
if any, of correlations in ion mobilities of polymerized ionic liquids and the
corresponding ion pair relaxation times could not be probed.
In the present study, we undertook an effort to probe whether the
Nernst-Einstein conductivities of polymerized-ionic-liquid systems with differ-
ent counterions exhibit a correlation with the ion-pair association timescales.
Such a timescale quantifies the rate at which the ions enter and exit the local
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Figure 5.12: The ion-association structural relaxation time compared against
T/Tg , for ionic liquids (solid lines with square symbols) and polymerized
ionic liquids (dashed lines with upward triangle symbols). Reprinted with
permission from reference 149. Copyright 2019 American Chemical Society.
coordination environment, i.e. ion hopping, and is expected to be influenced
by the size, symmetry and the charge delocalization of the ions [352]. In fig-
ure 5.11, the average lifetime of ion-association pairs is plotted on a logarithm
scale versus temperature for all ionic liquids and polymerized ionic liquids.
While τC for the halide ions showed much higher relaxation times compared
with the other ions, they show low values for τS. We are not able to explain
the result for Br− at 450 K, and suggest ignoring this outlier for the purpose
of evaluating trends.
How does the τC behave when normalized with respect to polymer dy-
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namics using T/Tg? Figure 5.12 reveals ionic liquid curves with positive con-
cavity, showing τC increases more steeply as the temperature approaches Tg.
The pBvIm+-Cl− and BmIm+-Cl− lines appear poised to cross, whereas these
curves crossed within our temperature range for diffusivity and conductivity.
This could be indicative of decoupling between conductivity and polymer dy-
namics in the Cl− polymerized ionic liquid. Comparing polymer results across
T/Tg for these relaxation times, we note the following order of decoupling in
ion and polymer dynamics: BF−4 < PfO
− < Br− ≈ PFSI− < TfO− < AlCl−4 <
TFSI− < Cl−. This is consistent with the results obtained in diffusivity and
ideal conductivity.
In comparing the results for the ideal conductivity and τC , we observe
that the trends are very similar. Explicitly, among the spherical ions, Cl− is
seen to exhibit the smallest relaxation times and the order of relaxation times
(BF−4 > Br
− < AlCl−4 > Cl
−) mirror the results seen for the conductivities.
Similarly, the relaxation times within the other classes of ions are also in accord
with the order seen in the Nernst-Einstein conductivities.
Inspired by the correlation demonstrated between the conductivties and
the ion pair lifetime for ionic liquids [352], we display the conductivities as a
function of τC in figure 5.13. It is seen that these quantities indeed exhibit
a universal correlation for different polymerized-ionic-liquid systems. Such a
result is remarkable considering the different classes of polymerized-ionic-liquid
systems considered and the differences noted in terms of their size and charge






























Figure 5.13: Nernst-Einstein conductivity versus ion-association structural re-
laxation time (τC) of polymerized ionic liquids to demonstrate a universal
relationship among various counterions. Reprinted with permission from ref-
erence 149. Copyright 2019 American Chemical Society.
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correlation also holds in ionic liquids, this result suggests that consideration
of the factors influencing mobilities in ionic liquids would serve to provide an
indication of the trends expected in polymerized ionic liquids.
5.3 Conclusion
In summary, the results of the atomistic molecular dynamics simula-
tions support findings from earlier simulation and experimental studies, while
also uncovering new insights on local structure and ion hopping in polymer-
ized ionic liquids. Our results reinforce ion size as a key influence on conduc-
tivity within the respective physicochemical ion classes of polymerized ionic
liquids, while noting that large ions with delocalized charge can outperform
some smaller ions. Despite such complex effects, our results indicated that the
conductivities of the different systems exhibit a universal correlation to the
ion-association structural relaxation time of the polymerized ionic liquid. Fur-
ther studies should seek to expand the scope of these findings, and elucidate a
more detailed understanding of the amalgamated influences of ion and poly-
mer chemistry, Tg, polymer segmental dynamics, and ion hopping frequency
on ion mobility in polymerized ionic liquids.
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Chapter 6
Characterizing the impact of backbone versus
pendant architecture on ion transport in
polymerized ionic liquids
6.1 Introduction
Electrolytes employed in lithium-ion batteries require a shear modulus
beyond a critical value to maintain interfacial stability and prevent dendrite
formation [221, 278]. In this context, interest has arisen recently in polymeric
materials that possess sufficient mechanical strength with good ion conduc-
tion [39, 85, 125, 210, 237, 259, 310]. Generally, however, ionic conductivity of
polymers is inversely correlated to their mechanical strength. Decoupling ion
transport from polymer dynamics still represents an outstanding challenge to
transitioning such materials to lithium-ion batteries [83].
In the above context, single-ion conductors and polymerized ionic liq-
uids have attracted interest as a means to surmount another performance
challenge; namely, increased ion-transport selectivity, i.e. lithium-transference
number in lithium-ion batteries [82, 103, 202, 350]. By rendering one of the
ions immobile, such materials reduce the correlated motion of the anions
and cations, and thereby mitigate the effects of concentration polarization
in lithium-ion batteries. In this context, polymerized ionic liquids combine
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advantages of ionic liquids, namely chemical stability and low volatility, with
those of single-ion conductors, including selective ion transport and improved
mechanical strength [348]. Interestingly, recent studies have revealed that ion
transport in such materials exhibits reduced coupling to polymer segmental
dynamics [58, 114, 149, 217]. While such findings have triggered a flurry of re-
search activity, a number of fundamental issues relating to the role of polymer
architecture, molecular weight, ion chemistries etc. remain to be clarified.
In a recent set of studies, we undertook atomistic computer simulations
of polymerized ionic liquids to identify the mechanisms underlying ion trans-
port in such systems. Our first study considered pBvIm+-PF−6 polymerized
ionic liquid, in which the ion-transport mechanism was traced to ion hopping
among transient association states involving, most often, four cations (Im+)
and two polymers [217]. In subsequent reports, we studied a number of related
issues including the influence of molecular weight of the polymerized ionic liq-
uid [147], varying Im+-linker lengths [148] of pendant polymerized ionic liquids,
and role of counterion chemistry [149] on the mechanisms of ion transport and
the correlations between anion mobility and the underlying relaxation time
scales.
While the above studies have contributed insights on the properties of
polymerized ionic liquids, it is not evident if the ion-transport mechanisms
deduced in our work extend to other polymerized-ionic-liquid architectures.
Recently, backbone-embedded polymerized ionic liquids are garnering atten-
tion for their superior ion-transport properties [39,85]. Segalman and cowork-
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ers reported a 10-fold-increase in Tg-independent conductivity for a backbone
polymerized ionic liquid compared to a chemically similar pendant polymer-
ized ionic liquid [85]. Miller and coworkers reported similar observations in a
gel-polymer electrolyte [39]. It was speculated that the increased conductivity
was due to ionic percolation, which has been shown to raise conductivity and
induce decoupling [58, 120, 122, 308].
Motivated by the above reports, in this study, we use atomistic molec-
ular dynamics simulations to probe the ion-transport properties and mecha-
nisms in a set of backbone polymerized ionic liquids. The simulation methodol-
ogy, is presented first, followed by details on the conceptual and mathematical
bases for quantifying ion association and transport. Results are presented and
discussed, with special attention devoted to the differences seen among back-
bone polymerized ionic liquids in the context of coordination and ion-hopping
measures. Ultimately, despite these differences, the diffusivity of backbone
polymerized ionic liquids is shown to be correlated to similar relaxation time
scales identified in our previous studies.
6.2 Simulation Details
Molecular dynamics simulations were run on systems of 16 polymers
and 256 bistrifluoromethylsulfonylimide (TFSI−) using the LAMMPS software
package [206, 243]. Molecular dynamics was carried out in the isothermal-
isobaric ensemble using the equations of motion of Shinoda et al. [279], which



















Figure 6.1: Chemical compositions of polymerized ionic liquids in this study:
n = 16.
[238] with a time-integration scheme closely following that of Tuckerman et
al. [314] using a 1.0 fs timestep.
This study covers three backbone-embedded, imidazolium-based poly-
merized ionic liquids with four, six, and eight methylene spacer units (b =
4, 6, and 8, see figure 6.1). A pendant polymerized ionic liquid, poly(1-butyl-
3-vinylimidazolium) (pBvIm+), is also evaluated within certain analysis frame-
works, based on trajectories obtained in an earlier study [149]. We utilized
the all-atom optimized potential for liquid simulations (OPLS) force field [145]
and the work of Sambasivarao and Acevedo [254] to collect potential-energy
parameters.
We note that accurate modeling of ionic liquids and polymerized ionic
liquids require the use of polarizable force fields. However, such methodolo-
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gies are computationally expensive for ionic liquids, and become even more
magnified for atomistic modeling of polymerized ionic liquids because of their
slow relaxation timescales. As an alternative, it has been suggested that
charge transfer phenomena can be qualitatively captured as an “average effec-
tive description of polarization” [79] by using constant scaled partial charges.
This technique purportedly reproduces structural and dynamic properties for
isotropic ionic liquids [19, 54, 183, 294, 351, 352]. Motivated by such devel-
opments, we have adapted a similar approach for polymerized ionic liquids
by borrowing vacuum-phase partial charges from the compilation of Sambasi-
varao and Acevedo [254], and then scaling by a factor of 0.8 for evaluating the
Coulombic potential energy.
Our previous studies on polymerized ionic liquids were effected at tem-
peratures of 500-600 K [147–149,217]. However, in the context of the backbone
polymerized ionic liquids we investigated, our preliminary results indicated ex-
tremely low ion mobilities in such a range of temperatures. As such, we were
forced to probe higher temperatures of 750-850 K to reach the diffusive regime
within reasonable limits for atomistic molecular dynamics simulations. We
speculate that the quantitative discrepancies in mobility between experiments
and simulations result from the lack of explicit polarization in the potential
field, and/or from the use of generic force field parameters from the OPLS
database, which are not optimized for use with these specific polymerized
ionic liquids. Furthermore, to account for the departure from earlier simula-
tion results, we highlight the use of unfitted partial charges, which diverged
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from the methods our earlier studies, where we fit partial charges from the
electrostatic potential of a monomer or dimer [147–149,217]. Since addressing
these various effects requires a much more concerted effort, and since qualita-
tive trends are not expected to be influenced by these differences, we opted to
probe, within the context of the adopted force fields, the mechanisms of ion
transport in backbone polymerized ionic liquids.
6.3 Results and Discussion
In Figure 6.2, we display the TFSI− self-diffusivity as a function of
temperature and spacer length. As discussed earlier, the diffusivities were
exceedingly low within the range of temperatures probed in the experiments,
forcing us to probe high temperatures of 750-850 K to extract meaningful ion
mobilities. Two trends are evident in the displayed results. First, as expected,
the ion mobilities are seen to increase with an increase in temperature. More
pertinently, we observe that the anion diffusivities decrease with increasing
backbone spacer length. For the rest of this article, we focus on the latter
result and seek to identify the ion coordination and transport mechanisms
underlying such trends.
In Figures 6.3(a)-(c), we display the results for the coordination fea-
tures in the backbone systems as a function of the backbone spacer length and
compare with the results for a pendant polymerized ionic liquid system (la-
beled as p = 6). Figure 6.3(a) considers the ionic coordination characteristics





















Figure 6.2: TFSI− self-diffusivity as a function of spacer length, b = 4, 6, 8.









































(c) Intrapolymeric ionic coordination.
Figure 6.3: Relative probability of TFSI−- Im+ (NI), polymer (NP ), or in-
trapolymeric Im+ (NIP ) coordination number at temperature T for back-
bone polymerized ionic liquids and pendant polymerized ionic liquid pBvIm+-
TFSI−.
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The results presented therein reveal that, for b = 8, there is a pronounced peak
in NI at two and three coordinated ions. As we transition to b = 6, coordina-
tion is displaced from NI = 1, 2 to NI = 4, 5, with NI = 3 remaining the most
probable state. We speculate that the shift in the distribution with respect to
NI arises from two effects: 1) the reduction of methylene units per monomer,
and 2) a simultaneous increase in the overall density. These two effects bring
ionic groups closer together, increasing the probability for higher NI states.
The result for b = 4 lies at even higher NI , and almost overlaps the distribu-
tion observed for the pendant polymerized ionic liquid. Such an observation
is surprising since the pendant polymerized ionic liquid has an additional two
methylene units per monomer, and also exhibits lower density. By the reason-
ing advanced when rationalizing the transition from b = 8 to 6, such factors
should suggest that the distribution of NI should shift lower. While we do
not have a conclusive explanation of the result for pendant systems, we specu-
late that morphological features such as the organization of polymerized ionic
liquids in ionic domains may underlie such an observation [58, 120, 122, 308].
The polymer-coordination (NP ) distribution displayed in Figure 6.3(b)
is seen to be relatively insensitive to the backbone spacing. In contrast, the
intrapolymeric ionic coordination number (NIP , Figure 6.3(c)) displays the
starkest contrast between the backbone and pendant cases, with the maxi-
mal probability state as one Im+ for the backbone polymerized ionic liquids,
compared with two for the pendant polymerized ionic liquid. The backbone
polymerized ionic liquid b = 4 has a lower probability for NIP = 1, and a
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probability distribution that is noticeably smeared to higher NIP , while the
b = 6 and 8 cases have a higher maximum probability peak at NIP = 1 and
have quite similar distribution shapes. Comparison between b = 6 and 8
reveals that the decrease in NI likely results from decreasing density, since
the probability distribution for NIP does not change considerably, i.e. the
same number of monomers from the same polymer tend to associate with a
given TFSI−. However, longer distances between adjacent monomers, result-
ing from adding methylene units, may play a substantial role in lowering NI
from b = 4 to 6. For the pendant polymerized ionic liquid, the peak at NIP = 2
suggests that paired intramolecular cations are prevalent.
The results for the intrapolymeric ionic coordination number suggest
a possible explanation for the dependence of ionic mobility on the backbone
spacing. Specifically, in our previous studies [147,217], we have established the
importance of the intramolecular mode of ion hopping (type 1) in polymerized
ionic liquids in influencing the ion mobilities. By comparing the results in
Figure 6.3(c) for the pendant and backbone polymers, one may hypothesize
that the coordination characteristics in pendant systems, involving pairs of
monomers from the same chain, lends itself to a larger extent of intramolecular
hopping (type 1). In contrast, the peak at NIP = 1 for backbone polymerized
ionic liquids is likely consistent with limited type 1 hopping frequency, and
thereby increased participation of type 2 hopping, potentially leading to an
increase in the ion-association timescales and lower anion mobilities. Further,






























































(d) Type 2 to type 1 hopping ratio: tem-
perature.
Figure 6.4: Ion-hopping behavior for backbone polymerized ionic liquids and
pendant polymerized ionic liquid pBvIm+-TFSI−. (a)-(c) Legend matches
figure 6.2: b = 4 (red), b = 6 (blue), b = 8 (green). (d) Legend matches
figure 6.3: b = 4 (red), b = 6 (blue), b = 8 (green), p = 6 (purple). Tr = T for
backbone cases, Tr = T + 250 K for pendant polymerized ionic liquid.
for smaller backbone spacings (b = 4) exhibits a larger extent of coordination
involving pairs of cations (NIP = 2), and are therefore likely to display a larger
degree of intramolecular hopping and therefore faster ion mobilities.
In Figure 6.4(a)-(d), we present results confirming our above proposal
and hypothesis. Specifically, Figures 6.4(a) and (b) display results for the num-




























Figure 6.5: Inverse TFSI−-Im+ ion-association relaxation time τ−1C and lifetime
τ−1S as a function of spacer length. Legend matches figure 6.2: b = 4 (red),
b = 6 (blue), b = 8 (green).
shorter spacer lengths yield higher type 1 and type 2 hopping frequencies in
backbone polymerized ionic liquids. In Figures 6.4(c) and (d), we explicitly
compare the ratio h2/h1, which reveals that, for backbone polymerized ionic
liquids with longer spacers, type 2 hopping contributes more to hopping dy-
namics. This relative “type 2 participation” rate is also seen to be higher for
all of the backbone polymerized ionic liquids when compared with the pen-
dant polymerized ionic liquid in figure 6.4(d), which is also consistent with the
intrapolymeric ionic coordination trends in figure 6.3(c).
While the preceding discussion and results demonstrate the influence
of intrapolymeric ion coordination on the ion-hopping mechanisms, it still
leaves open the question of whether such differences reflect in the relaxation
dynamics of ion-associations. To address this, in Figure 6.5(a)-(b), we display
the relaxation times τC and τS (equation 2.27) as a function of the backbone
spacing. In accord with our expectations, we observe an increase in τC and
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τS with increasing spacer length. Such results confirm that the decreased
propensity for intramolecular hopping does indeed translate to increased time
scales for ion association/dissociation.
In our previous studies, we showed that the ion mobilities of polymerized-
ionic-liquid systems exhibit a direct correlation to the ion-association relax-
ation time scales. Such a correlation was similar to the one observed in the
ionic liquid counterparts, and was shown to extend to comparisons involving
polymerized ionic liquids with different counterions [149]. Considering the dif-
ferences in instantaneous coordination and ion hopping in backbone systems,
do we still observe a correlation between diffusivity and the ion-association
times?
In Figure 6.6 we display the results for the diffusivity as a function of the
relaxation time scales τC and τS. Therein, we observe that, for the backbone
polymerized ionic liquids, a correlation exists between the diffusivity and both
τC and τS. Together, these results demonstrate that the ion-association relax-
ation time scales, which in-turn are influenced by the relative extent of intra-
and intermolecular hopping rates, are responsible for the backbone-spacing
dependence of anion mobilities.
6.4 Conclusion
In this study, we investigated a set of backbone-embedded polymerized
ionic liquids to probe ion-transport mechanisms. The diffusivity of the free

































Figure 6.6: Diffusivity in relation to inverse ion-association relaxation time
τ−1C and lifetime τ
−1
S .
bone spacer is increased. In comparing backbone polymerized ionic liquids
with their pendant counterparts, significant differences were observed in the
intrapolymeric ion coordination characteristics. Such differences were shown
to shift the ion-transport mechanisms in backbone polymerized ionic liquids
to one in which intermolecular hopping played a more significant role relative
to intramolecular hopping. As a result, the ion-association time scales were
shown to become larger (slower) for backbone systems, and increased with
increasing backbone spacing. However, despite the differences that emerge in
coordination and hopping, a correlation exists between TFSI− self-diffusivity
and both ion-association relaxation time τC and the lifetime τS . The correla-
tion of diffusivity and τS underscores the importance of managing interaction
strength between ionic groups to influence ion-hopping frequency and optimize
ion transport in backbone polymerized ionic liquids.
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Chapter 7
Extending principles of ion motion in
polymerized ionic liquids to polymerized
zwitterions for battery electrolytes
7.1 Introduction
Zwitterions (ZIs) are small molecule ampholytes, or covalently bonded
cations and anions, of zero net charge [139]. Their ionic properties and
hydrophilicity have made them targets for use in organic electronics, catal-
ysis, battery electrolytes, surfactants, drug-delivery, and anti-fouling coat-
ings, among other applications [71, 139, 270, 357]. ZI-incoporated polymers
(polyZIs) have also been investigated as novel materials for chromatogra-
phy, drug-delivery, self-assembled microstructures, and battery electrolytes
[52, 117, 118, 135, 159, 163, 181, 185, 186, 190,191,233, 274, 280, 281, 334, 355].
ZI-containing ionogels have shown promise in eliminating the trade-off
between mechanical strength and conductivity through non-covalent crosslink-
ing and ion-dissociation [67, 181, 299, 302, 305]. The addition of ZIs to elec-
trolyte formulations also purportedly improves cycling performance, and en-
ergy density by increasing Coulombic efficiencies for lithium plating/stripping
reactions [46, 339]. Strong dipole effects, induced by charge separation, have
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been shown to enable the formation of ZI-salt complexes up to stoichiomet-
ric ratios [48, 49, 117, 281, 332]. Furthermore, tuning the interaction strengths
between lithium, the counterion, and the ZI groups, have been shown to in-
fluence conducting ion concentration, lithium-transference number, and ionic
conductivity [45, 46, 49, 67, 102, 185, 191, 295, 297, 298, 345].
A few studies have sought to clarify the fundamental mechanisms un-
derlying ion transport in polyZIs [48, 49, 117, 118, 191]. In this context, a
study reported by Ohno and coworkers highlighted a surprising impact of poly-
mer architecture on ionic conductivity [233]. Specifically, they reported ionic
conductivity for salt-polyZI blends of lithium bistrifluoromethylsulfonylimide
(Li+-TFSI−) with polyZIs composed of imidazolium cationic and triflate-like
anionic moieties, arranged in a pendant configuration from the backbone as
follows: anion-cation (motif B) and cation-anion (motif C). The ionic conduc-
tivity of motif C (figure 7.1, 1) was reported to be of the order 10−8 S/cm in
comparison to a conductivity of 10−5 S/cm for that of motif B (figure 7.1, 2).
Such observations raise the question, “why do polyZIs, with opposite architec-
ture but similar chemical functionality, produce such different conductivities?”
We credit the naming convention for motifs B and C to Laschewsky, from a
recent review of polyZIs [163].
The work reported in this chapter is motivated by the above-discussed
work of Ohno and coworkers. Specifically, we use atomistic molecular dynam-
ics (MD) simulations to probe the ion mobilities, and the underlying structural











Figure 7.1: Polymer motifs B (2, 4) and C (1, 3) with matching optimized
structures from Gaussian16, reference 99. Atom color scheme: Carbon (gray),
Fluorine (light blue), Hydrogen (white), Nitrogen (blue), Oxygen (red), and
Sulfur (yellow). Image components 1 and 2 adapted and transformed under
Creative Commons Attribution 3.0 Unported (CC BY 3.0) License: Hiroyuki
Ohno, Masahiro Yoshizawa-Fujita, and Yuki Kohno, “Design and properties
of functional zwitterions derived from ionic liquids,” Figure 9.
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stand the origins of the differences noted in their conductivities. Within such
a context, we also seek to clarify the ion-transport mechanisms in salt-doped
polyZIs and examine parallels to the physics identified in our recent studies
of polymerized ionic liquids [103, 147–149, 213, 215, 217]. We begin by doc-
umenting general elements of the simulation and analysis methodology, but
much of the detailed coverage can be found in chapter 2. We cover numerous
results, including the conductivity, diffusivity, and the radial distribution func-
tions. The latter analysis is used to justify the high mobility of TFSI− over
architecturally comparable Li+. This is followed by reported ion-association
relaxation times, and conclusive proof for an alternative ion-transport mecha-
nism for counterions to backbone-adjacent ZI moieties.
7.1.1 Simulation and analysis methodology
Shao et al. performed the most extensive set of MD investigations to
date on ZI/salt solubility and association phenomena [271–273, 275]. They
used the optimized potential for liquid simulations (OPLS), which we deploy
in the current context, and has appeared in recent studies on ionic liquids and
polymerized ionic liquids [144, 147–149, 217].
Dommert et al. produced a seminal review on polarization phenomena
in MD simulations of ionic liquids [79]. Therein, they documented evidence
of charge transfer due to orbital overlap, leading to an effective reduction
in partial charges. A reduced constant partial charge yields an “average ef-
fective description of polarization” [79] that acceptibly reproduces structural
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and dynamic properties in ionic liquids [19, 54, 183, 294, 351, 352]. Julian and
Jarrold dispelled long-standing objections to the existence of internal charge-
separation in gas-phase molecules using quantum chemical models [146]. Early
studies by Shao et al. used a non-polarizable potential with partial charges
developed from the electrostatic potential map of molecules optimized in a
polarizable-continuum implicit solvent [272]. But, they did not include the
implicit solvent model in later studies, and instead, optimized molecules in
the gas phase [273].
The monomers in our present study were optimized in the gas phase at
a B3LYP/6-311++G** level of theory using Gaussian16 [99]. The electrostatic
potential was mapped at Merz-Singh-Kollman points, and partial charges were
computed using Amber Antechamber and scaled by 0.8, a scaling constant used
in previous work to mimic charge transfer and capture average polarization
effects in ionic liquids [17,149,283,319,320]. Simulation boxes were packed with
polymers of motifs B or C [206], along with Li+-TFSI− salt in systematically
varied fractions relative to polyZI monomers (r molsalt/molZI). All bonded
and LJ interaction parameters were compiled from the LigParGen Server [78,
145]. We utilized the LAMMPS software package for all MD simulations [243].
Forces and positions were evaluated every 1.0 fs at 600 K and 1.0 atm (Nosé-
Hoover thermostat, Parinello-Rahman barostat), with LJ and Coulombic pair
energies evaluated using equation 2.3 up to a 10 Å cutoff [207,238,279,296,314].
Long-range interactions were evaluated using a Van der Waals tail correction
(LJ) and the particle-particle particle-mesh solver with a tolerance of 1× 10−5
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(Coulombic) [131, 244].
To render a comparison to the experimental results of Ohno discussed
in the introduction [233], we compute the ideal, Nernst-Einstein (NE), con-
ductivities. While we would prefer to capture correlated motion in the true
dc conductivity, this requires long simulations and is less statistically reli-
able [96]. Additionally, since the polyZI charged moieties are polymerized and
neutral, they are assumed to play a limited role in conductivity, and their
self-diffusivities are not reported. Nor are these ionic moieties included in
the calculation for ideal conductivity, for the same reason. Hence, we center
the subsequent discussion on the diffusivities of the mobile ionic components,
Li+ and TFSI−.
In past studies on polymerized ionic liquids, we established correla-
tions between ion-association relaxation timescales and measures of mobility,
including diffusivity and conductivity [147–149, 217]. In particular, the ion-
association structural relaxation time τC represents the average time required
for two ions to permanently separate from each other. Its foundation lies in
the intermittent ion-association autocorrelation function C(t), which quanti-
fies the probability as a function of time of two ions, having been associated
at time t0, being associated at time t0 + t.
While τC has proven to be a versatile measure of the fundamental dif-
fusion timescale across various polymerized-ionic-liquid platforms, we expect
that it will be insufficient to capture the same timescale for some or all of the
ions in this study. This prediction is based on the diversity of local coordi-
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Figure 7.2: Diagram of Li+-TFSI− in motif B. Li+ is engaged in three coor-
dination states, and two distinct cage relaxation events from starkly different
association environments are shown. A similar figure depicting the cage envi-
ronments of motif C is excluded due to its similarity, but a very similar effect
occurs for TFSI− in that polymer.
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nation environments expected in these systems. An illustration in figure 7.2
depicts segregation of ions among environments with i) dense polyZI coordi-
nation (1), ii) dense mobile-ion coordination (2), and iii) combined states of
varying participation. We craft a “cage relaxation time” to capture an ap-
propriate relaxation timescale for these diverse structures, where ion motion
may be due to the combined effect of ZI− and TFSI− relaxation from the cen-
tral Li+ atom, as shown by the arrows for ions 1 and 2. Of particular note,
the choice of cage-assignment for Li+ and TFSI− differs due to the large size
discrepancy. Figure 7.2 offers the correct cage definition for Li+: combined
coordination with TFSI− and ZI−. However, because of the small size of Li+,
we selected ZI− as the second coordinating moiety (along with ZI+) to TFSI−.
Despite the repelling interaction between TFSI−-ZI−, we expect these ionic
moieties to structurally associate via Li+ bridging at longer cutoff distances
than the atom-atom interactions underlying oppositely charged coordination.
7.2 Results and Discussion
7.2.1 Conductivity, diffusivity, and the roles of architecture and
interaction strength
Figure 7.3, which plots NE conductivity for motifs B and C as a function
of r (number of moles of lithium salt per mole of ZI monomers), shows that the
NE conductivity for the B polymer is greater than that of the C polymer. This
result is qualitatively consistent with the Ohno experiment discussed in the
introduction [233]. At a quantitative level, our simulations indicate a more
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Figure 7.3: Ideal conductivity for motifs B and C at 600 K.
modest difference between the conductivities of the two architectures, com-
pared to the orders-of-magnitude enhancement reported in experiments. We
speculate that correlated ionic motion could be an important factor influencing
the overall conductivity [103, 215].
We observe that the diffusivities of both Li+ and TFSI− increase with
increasing r in figure 7.4. Such a trend is qualitatively consistent with experi-
ments on polyZIs and for salt-droped polymerized ionic liquids [117], and has
been rationalized as a consequence of two factors: i) a reduction in the num-
ber of polymeric coordination centers for the mobile Li+ and TFSI− ions; since
such polymeric ions (ZIs) possess lower mobilities, coordination of Li+ and
TFSI− ions with such counterions is expected to lower the mobility of the
nonpolymerized ions; and, ii) plasticization of the dynamics of the polymer
due to the introduction of the small molecule salts [129, 130, 349].
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Figure 7.4: Diffusivity of Li+ (solid) and TFSI− (dashed) for motifs B (orange)
and C (blue) at 600 K.
In comparing the diffusivities of the individual ions, we observe that
in motif B, DTFSI− > DLi+ , whereas in motif C, DLi+ > DTFSI−. Such a re-
sult can be qualitatively understood based on the position of the oppositely
charged ZI moieties relative to the polymer backbone. For each motif, we
observe that the species with higher diffusivity is of opposite charge to the
ZI moiety that is located at the end of the monomer pendant. Since we ex-
pect the ZI groups closest to the backbone to possess lower mobilities than
the pendant-end group, Li+/TFSI− ions that coordinate with the ion closer
to the backbone are expected to also possess lower mobilities. When consid-
ering only pendant-end group ZI-counterions, DTFSI−,B > DLi+,C. Similarly,
for backbone-adjacent ZI-counterions, DTFSI−,C > DLi+,B. From this, we spec-
ulate that the mobility of TFSI− is the most significant contributor to the
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Figure 7.5: Key atomic coordination g(r) curves for various ionic pairs. Spe-
cific labeled atomic interactions in the legend are described in section 7.4,
along with other important atomic correlations not shown in this figure.
conductivity disparity between the architectures B and C.
The root of this phenomenon is traced back to simple ionic interac-
tion strengths, as quantified using atomic correlation functions. Specifically,
figure 7.5 shows the radial distribution functions g(r) for key atomic corre-
lations, which are representative of ionic interaction strengths for the three
ion-ion association pairs examined in this study: Li+-TFSI−, Li+-ZI−, and
TFSI−-ZI+. We see that the association behavior of Li+ and TFSI− with the
ZI counterions and each other bear no qualitative differences between motifs
B and C. The height of the first peak implies the same order of interaction
strength for both motifs, from strongest to weakest: Li+-ZI−, Li+-TFSI−, and
TFSI−-ZI+.
In our past studies of polymerized ionic liquids, we examined the prob-
abilities of ionic coordination states as a function of coordination number
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Figure 7.6: Schematic depicting multi-ion coordination states and correspond-
ing probabilities in two-dimensional weighted graphs.
[147–149,217], and identified key aspects of ion-transport mechanisms through
such a characterization. Coordination was determined in the present study by
direct atomic coordination using cutoff distances informed by the radial distri-
bution functions, such as those displayed in figure 7.5. Due to the multiplic-
ity of ion types engaged in coordination with salt-doped polyZIs, we extend
the coordination analysis to two dimensions of variability, with specific refer-
ence to coordination involving mobile and polyZI counterions (i.e. Li+ with
TFSI− and ZI−). Figure 7.6 depicts this concept by showing two hypothetical
coordination states, Li+ coordinated with two ZI− and one TFSI− (state X) or
one ZI− and two TFSI− (state Y). The size of the circle is used to indicate the
relative probability of each state. For instance, in the depicted example, state
X is less probable than state Y. For clarity and consistency across all plots,
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(a) Motif B, r = 0.5 molLi+/molZI.











(b) Motif C, r = 0.5 molLi+/molZI.











(c) Motif B, r = 1.25 molLi+/molZI.











(d) Motif C, r = 1.25 molLi+/molZI.
Figure 7.7: Probability of Li+-coordination with TFSI− and ZI−.
we limit the coordination ranges in the following multi-coordination plots to
a maximum of five TFSI−/Li+ and four ZI counterions.
Figure 7.7 shows the two-variable probability distribution of instan-
taneous Li+-coordination with ZI− and TFSI− at r = 0.5 molsalt/molZI and
r = 1.25 molsalt/molZI. Figures 7.7(a) and (b) show that there are more
zero-TFSI−-coordinated Li+ states in motif B, which can be attributed to the
orientational exclusion by ZI+ and and the backbone, which bracket ZI− in the
polymer architecture. In motif C, since ZI− resides at the end of the monomer
pendant, we expect Li+ to encounter less structural exclusion, which enables
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the enhanced coordination of Li+ with TFSI−.
In figures 7.7(c) and (d), the propensity for Li+ coordination with ZI−,
in lieu of TFSI−, in motif B is seen to extend to high-salt-content systems.
However, the likelihood of encountering a zero-ZI−-coordinated state actually
increases in motif B compared to motif C, which is consistent with the polymer
coordination centers “saturating” above r = 1.0 molsalt/molZI. Such results
also confirm that the population of higher-mobility Li+ (i.e. Li+associated with
TFSI−) grows with increasing salt concentration in both motifs B and C, which
supports the monotonic increase of Li+ diffusivity over the same variation.
Does TFSI− exhibit similar coordination trends, even given its larger
size and different shape? First, the results for TFSI−coordination, displayed
in figure 7.8, indicate that TFSI− has a more expansive range of coordination
states, including a non-negligible probability of having no coordinated ions
(i.e. zero Li+ and ZI+). Additionally, differences between graphs of motifs
B and C are more subtle, meaning that structural variations between the
two architectures are less pronounced. We attribute such observations to two
factors: 1) the low interaction strength between TFSI− and ZI+, and ii) the
bulkiness of TFSI−.
In comparing TFSI− at low salt concentration in figures 7.8(a) and (b),
it has a noticeably higher probability of associating with four or more ZI+ while
surrounded by one or fewer Li+ in motif C. This result is complimentary to the
Li+-centered data from figure 7.7, since the ZI+ is buried adjacent to the poly-
mer backbone in motif C. Similarly, TFSI− in motif C associates with more
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(a) Motif B, r = 0.5 molLi+/molZI.











(b) Motif C, r = 0.5 molLi+/molZI.











(c) Motif B, r = 1.25 molLi+/molZI.











(d) Motif C, r = 1.25 molLi+/molZI.
Figure 7.8: Probability of TFSI−-coordination with Li+ and ZI+.
137
Li+ at low ZI+-coordination numbers and high salt content in figures 7.8(c)
and (d), analogous to the saturation effect observed in the Li+-centered data.
We have thus shown that each ion, despite differences in size and shape, expe-
rience similar coordination phenomena when considering the location of their
ZI counterion relative to the polyZI backbone.
7.2.2 Cage relaxations and Ion Associations
Can we then explain the high diffusivity of TFSI− and the low diffusiv-
ity of Li+ in motif B, and the reversal seen in motif C, through consideration
of relevant time scales? In our past studies on polymerized ionic liquids, which
contain only a polymerized pendant cation and a mobile anion, we observed
ion hopping via association/dissociation of ion pairs from transient coordina-
tion states involving multiple ions and polymers. Recall that C(t) represents
the probability that two ions, which were associated at time t = 0, are still
associated at time t0 + t [147–149, 217]. Thus, the characteristic timescale of
decay extracted from this function, τC , quantifies the average amount of time
required for a pair of ions to become spatially separated (i.e. no reversible en-
gagement). The anion diffusivities of various polymerized-ionic-liquid systems
were found to be correlated with τC [149, 217].
Inspired by these findings, and their applicability in a variety of dif-
ferent systems, we extracted τC , displayed in figures 7.9(a) and (b), for coun-
terions Li+ and TFSI− relative to the backbone-adjacent and pendant-end
ZI moieties: ZI− and ZI+, respectively. Just as in diffusivity, the interaction
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(a) Backbone-adjacent, τC .
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(b) Pendant-end, τC .
Figure 7.9: τC for Li
+ and TFSI− relative to each positional ZI-counterion
(backbone-adjacent and pendant-end).
strengths obtained from g(r) support these results, with TFSI− demonstrating
faster relaxation times across all salt concentrations for backbone-adjacent and
pendant-end arrangements. The curves in figure 7.9(b) (pendant-end moieties)
bear qualitative consistency with the shape and rate of change of diffusivity in
figure 7.4. Conversely, backbone-adjacent ions appear to have timescales that
are too long. We speculate that such behavior is consistent with the popula-
tion of highly ZI-coordinated ions (orientational exclusion effect), which have
very long timescales for pair relaxation. But we need quantitative proof that
τC does not capture the underlying diffusion timescale for these backbone-
adjacent counterions to confirm our hypothesis.
We offer such proof in figure 7.10, which shows the diffusivity plotted as
a function of τC . The triangle symbols, representing the curves for counterions
Li+ and TFSI− of pendant-end ZI moieties, appear to fall in a general corre-























Figure 7.10: Diffusivity versus ion-association timescale τC .
moieties, clearly lie at timescales that are too high to follow the same trend.
The cage relaxation time, proposed earlier, produces a reduced timescale due
to the influence of two factors: i) all ions (not just highly ZI-coordinated ions)
contribute equally, and ii) fractional dissociation removes the influence of the
longest lasting ion pairs.
We begin in figure 7.11(a) by showing τcage, similar to τC in figure 7.9(a),
for the counterions of backbone-adjacent ZI moieties. These curves are rad-
ically different than their τC counterparts, especially showing much lower
timescales, as sought and predicted. By replacing τC with τcage for these ions,
the physical basis of our hypothesis appears to be confirmed. Figure 7.11(b)
incorporates diffusivity versus τcage for the square symbols (backbone-adjacent

















(a) τcage for Li

























(b) TFSI− and Li+ diffusivity correlated
across ion-association and cage relaxation
timescales.
Figure 7.11: Investigations into the applicability of the cage relaxation
timescale.
We return to the coordination probabilities to rationalize the above
observation. The bracketing of the backbone-adjacent ZI moiety by the ZI
counterion and the backbone reduces the degrees of translational freedom for
certain mobile counterions that are “trapped” in coordination with these ZI
moieties. This leads to a general reduction in the relaxation timescale underly-
ing diffusion for the affected species. This effect stems from the same organiza-
tional exclusion effect identified in the coordination plots, while the saturation
effect, from the same analysis, reveals the presence of non-ZI-coordinated ions,
which are expected to have higher mobility. This population of ions lowers the
diffusion timescale below the naively computed ion/ZI-counterion structural
relaxation time. Thus, the cage relaxation time emerges as an alternative
timescale for diffusion of the counterions to these buried ZI moieties.
To summarize our findings presented in this section: the characteristic
timescale for Li+ or TFSI− diffusion is shown to depend upon the location of
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their ZI-counterion relative to the polymer backbone. When the polymerized
counterion is adjacent to the backbone, the cage relaxation time τcage serves as
the underlying diffusion timescale. The cage formulation amplifies the contri-
bution of the lightly-ZI-coordinated ions into the timescale average, capturing
the influence of fast cage relaxations on mobility. For the opposite configura-
tion, the ZI ion located at the end of the pendant, local coordination is more
homogeneous and has lower association counts. This homogeneity returns the
simple ion-association relaxation time to the fundamental diffusion timescale.
As a result, the physics of ion mobility aligns with that of polymerized ionic
liquids from past studies [149].
With respect to the results presented in Figure 7.4, TFSI− diffuses
faster than Li+ in motif B because the relaxation time of TFSI−-ZI+ associa-
tions is lower than the relaxation time of TFSI−/ZI−-cages for Li+. Even with
fast-relaxing Li+-TFSI− complexes, the diffusivity is depressed by the slow re-
laxation of high-ZI−-content cages. Conversely, the diffusivity of Li+ in motif
C is higher than that of TFSI− because the relaxation time of Li+-ZI− associa-
tion is lower than that of ZI+/ZI−-cages for TFSI−. This stems from the slow
relaxation of the polymer backbone and the pendant-end ZI−, which limits
TFSI− mobility despite the still-weak TFSI−-ZI+ interactions.
7.3 Conclusion
In summary, we used atomistic computer simulations to probe the in-
fluence of macromolecular architecture on ion diffusivities and underlying time
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scales in salt-doped polyZIs. Our results indicate that ion diffusivity is faster
in polyZIs of architectural motifs B (TFSI−) or C (Li+) when the ZI counterion
is located at the end of the pendant. The underlying timescale for transport
of those respective ions was shown to be the ion-association relaxation time
τC for Li
+-ZI− and TFSI−-ZI+ pairs. In contrast, the slower ion, whose ZI
counterion is adjacent to the backbone, has a different underlying timescale,
since these ion-ZI association pairs relax too slowly to predict mobility rela-
tive to that of the pendant-end counterparts. The cage relaxation timescale
increases the contribution of low-ZI-coordinated ions to the average relaxation
time by equally weighting the contribution of each ion, rather than each pair
of associations.
Ultimately, materials of motif B, despite the higher conductivity re-
ported in experiment, may not provide the ideal platform for designing lithium-
ion batteries due to the lower Li+ ion mobilities. Our results suggest that op-
timization efforts for Li+ transport might target the reduction of Li+-ZI− in-
teraction strength of motif C to improve Li+ diffusivity and ionic conductivity.
7.4 Coordination and ionic relaxation analyses
7.4.1 Local coordination
Local coordination behaviors of Li+ and TFSI− ions assist in quanti-
fying interaction strengths among ionic components. Such information is suc-
cinctly captured by the radial distribution function. The strongest g(r) peaks































































Figure 7.12: Four ionic moieties of interest in this study: Li+ (red),
TFSI− (purple), and motifs B (orange) and C (blue). Preferred associations
shown by dotted lines.
identified with dotted lines in figure 7.12 and summarized below. Consider
sets of whole-molecule identifiers for Li+ and TFSI−, m1 = m2 = {1...N},
while, unit-specific polyZI moieties are given assignments u1 = u2 = {1...M}
for cations and anions, respectively. Three ion-association pairs are relevant
for this work:
1. p1 = (m1, u2) (Li
+-ZI−)
2. p2 = (m2, u1) (TFSI
−-ZI+)
3. p3 = (m1, m2) (Li
+-TFSI−).
To develop a method of identifying association pairs, we turn to the atomic g(r)
presented in the first subsection of results. The following guidelines establish
coordination pairs in the current framework.
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1. p1, Li
+-ZI−: Li+ interacts through the sulfonamide oxygen (OS) and
nitrogen (NB/C) atoms in each motif, and the oxygen possesses the higher
peak. The acyl oxygen (OC) of motif C provides an extra association
point for that system. Approach of Li+ within 3.0 Å of any of the above
atoms signals Li+-ZI− coordination.
2. p2, TFSI
−-ZI+: Imidazolium hydrogen HR/HW1/W2 interact with TFSI
− oxy-
gen OF. Approach of OF with 3.5 Å of any imidazolium hydrogen signals
coordination of the respective TFSI− and ZI+.
3. p3, Li
+-TFSI−: Li+ interacts negligibly with nitrogen and fluorine atoms
in TFSI−, but strongly with oxygen atoms (OF). Approach of Li
+ within
3.0 Å of any OF signals coordination of the respective ions.
The g(r) results highlight the weakness of TFSI−-ZI+interactions compared to
their Li+-ZI− counterparts.
7.4.2 Definitions and development of cage relaxation time
In order to quantify cage relaxation time τcage, we must first define a
cage and describe when it has “dissolved.” First, we assume that a cage is
best described by the closest large components in “association” with a mobile
ion. We make this generalized distinction for the following reason. Polymer
components, specifically ZI+ and ZI− groups, are considered as cage restraints
for TFSI− and prevent displacement beyond the cage boundary. Li+, because















Figure 7.13: Diagram of eight associated ZI cations (dark green) and anions
(light green) inside of their respective association shell relative to the central
TFSI−. The Li+ (purple) are bridging ions to the ZI anions, but are not
explicitly considered in cage definition.
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relaxation is assumed to be controlled by ZI− and TFSI− itself, allowing us
to construct cages using previous association rules. Figure 7.13 shows the key
elements of the TFSI− cage for clarity. We selected the natural ion-association
cutoff distance for TFSI−-ZI+ (inner dotted line), and an artificial “cutoff”
distance of 5.5 Å for association with ZI−, based on trial and error testing of
the fractional cage decay.
For TFSI− cages, the value of fcut is chosen to be 1/3, while for
Li+ cages, it is chosen to be 1/2. What do these numbers mean, in a physical
sense? For cage dissolution of TFSI−,
1. Three or fewer ions: all ions must dissociate,
2. Four to six ions: all except one ion must dissociate,
3. Seven to nine ions: all except two ions must dissociate, etc...
A similar analysis can be conducted on the Li+ value. These choices can be
generally understood to mean that Li+-cages, formed by direct association of
ionic species, break up “earlier” than TFSI−- -cages, whose indirect compo-
nents may relax away sooner than the cage structure has truly relaxed.
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Chapter 8
Prospects for the future of the field
8.1 Mesoscale modeling using hydrodynamic models to
probe complex systems
While atomistic molecular dynamics is a powerful technique, it is length-
and time-scale-limited due to the computational expense of explicitly model-
ing each atom. The Ganesan research group and others have used mesoscale
models, including single-chain in mean field simulations [68, 267], to model
the phase separation of block-copolymers. The details of this method are
available from a large number of studies [68–70, 74, 75, 223, 240]. For charged-
polymer systems, additional care must be taken to incorporate electrostatic
energies [172,246,321], which is not trivial in application. The accuracy of such
methods may suffer if local dielectric fields are not solved self-consistently, but
this approach greatly increases the computational expense of the method.
We propose that the hydrodynamic modeling method, dissipative par-
ticle dynamics, could serve as an alternative to this and other mean-field ap-
proaches. In this section, the fundamentals of dissipative particle dynamics
are presented, particularly as it relates to modeling specific chemical features
in phase-separating mixtures. We conclude with a list of open questions and
continuing research objectives.
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8.1.1 Background on dissipative particle dynamics
Hoogerbrugge and Koelman introduced dissipative particle dynamics
(DPD) as a hydrodynamic simulation method to combine molecular dynamic
and lattice-gas automata methodology, retaining advantages and shedding dis-
advantages from each approach [132,154]. DPD was shown to be fully isotropic
and Galilean invariant, while being capable of modeling complex fluids and ge-
ometries at small length- and large time-scales. Español and Warren (1995),
followed by Groot and Warren (1997), established DPD as a model with proper
statistical mechanics, specifically in the canonical ensemble, or constant num-
ber of particles, volume, and temperature (NVT) [84, 116]. From this frame-
work, DPD simulations produce a Gibbs-Boltzmann distribution at equilib-
rium, allowing for the use of standard thermodynamic relations in calculating
quantities such as temperature and pressure [116].
While ordinary NVT molecular dynamics methods simulate systems in
the canonical ensemble, DPD preserves hydrodynamics, which has been shown
to anneal defects into ordered mesophases [109]. Specifically, without hydrody-
namic movement, a system undergoing phase separation can become frozen in
a local minimum-energy configuration. Hydrodynamic movement eliminates
topological defects, accessing the global energy-minimum configuration and
proper equilibrium structural morphology [109].
The dissipative-particle-dynamics approach uses the following set of
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FC + FD + FR)−→rij (8.1)
The force exerted in the direction of a pairwise unit displacement vector be-
tween two particles (−→rij) manifests as the sum of a conservative (FC), dissipa-
tive (FD), and random (FR) contribution of the forms below.






FR = σw(r)α∆t−1/2 (8.4)
The parameter aij is the maximum repulsion between particles i and j and
the weighting function w(r) is a dimensionless, non-negative function that
disappears outside of the cutoff radius rc.
w(r) = 1− r/rc (8.5)
The variable α is a Gaussian-distributed random variable with zero
mean and unit variance and ∆t is the time step of the simulation. Groot and
Warren note that the use of this ∆t−1/2 factor precisely generates the step-
size dependence of the random force [116]. Español and Warren derived the
associated Fokker-Planck equation,
∂tρ ≡ LCρ+ LDρ, (8.6)
where LC and LD are the conservative- and dissipative-Louiville operators, as
defined by Español and Warren [84]. The canonical ensemble is the solution
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to LCρeq = 0, where ρeq is the equilibrium density. Therefore, to achieve
statistical mechanics corresponding to the canonical ensemble, LDρeq = 0
emerges as a requirement. Thus, we obtain the fluctuation/dissipation theorem






The squared weighting function of equation 8.3 likewise emerges from this
constraint. Equation 8.7 establishes the temperature in terms of the relative
magnitudes of the random and dissipative interactions. Finally, Español and
Warren establish a physical basis of the time step, showing that increasing
time step leads to increasing departure from equilibrium results [84].
Groot and Warren built upon these insights by analyzing the thermody-
namic basis of the model. Therein, they developed a simple scaling relation,
which establishes a link between the maximum-repulsion parameter aij and
the Flory-Huggins χ-parameter [116]. This permits DPD simulations to in-
vestigate chemical-specific interactions, opening the door for a range of new
applications of DPD methodology. They also pioneered the use of a modified
velocity-Verlet algorithm to advance the set of positions and velocities, known
as the Groot-Warren velocity Verlet (GW-VV) algorithm. This integration
scheme includes a simple modification upon classic molecular dynamics ve-
locity Verlet (MD-VV), but is dependent upon proper selection of the tuning
parameter λ, which alters the step change in velocity before evaluating the
forces [116].
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Velocity Verlet schemes, including MD-VV, GW-VV, and so-called
DPD-VV (includes dissipative force correction) have been scrutinized and
compared with self-consistent (SC) methods for performance and accuracy
[18,235,318]. Alternative integrator schemes, including operator splitting and
MD-VV with Andersen thermostating, have also been developed and tested
against DPD-VV and SC benchmarks for model systems [190, 228, 277]. In
particular, the so-called Shardlow-splitting algorithm (SSA) has gained trac-
tion, and was extended by Ĺısal et al. for use in constant-temperature DPD
simulations with unequal-mass particles [182].
8.1.2 Future work and open questions
At a fundamental level, this methodology has not been deployed to
predict the morphologies of polymerized-ionic-liquid block-copolymers. There-
fore, the first step is to validate such a model against experimental morpholo-
gies by constructing a phase diagram and comparing it to studies such as
that of Gao et al. [105], which shows a simple phase diagram distinguishing
qualitative phases, including isotropic solution, hexagonal, lamellar, and solid,
with respect to ionic-liquid concentration. Along with qualitative agreement
in shape formation, one might also be interested in validating domain sizes,
such as lamellar domain width or cylindrical domain diameter, which could be
important measures for quantifying conductivity-morphology relationships.
Ganesan provides some context for the open questions related to ion
transport in phase-separated materials [103]. In particular, the relationship
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between conductivity and morphology, mentioned above, is largely unexplored,
with a few notable exceptions [211,340,342]. For example, Sanoja et al. stud-
ied the effect of lamellar domain spacing on conductivity in a polystyrene-
(polymerized-ionic-liquid) block-copolymer [258]. In a 2015 review on this
topic, Meek and Elabd provide some commentary on polymerized-ionic-liquid
block-copolymer synthesis [210], which is worth reviewing for those interested
in exploring this topic.
Understanding of the role of morphology in ion-transport phenomena
is largely missing for polymerized-ionic-liquid copolymer materials. Therefore,
we may ultimately aim to convert the morphological result from dissipative
particle dynamics into an atomistic or transport-fitted coarse-grained frame-
work. Work from our group, to be published soon after this dissertation, has
explored this topic in some detail. One of the key challenges in this approach
is finding the right length scale for the full simulation. We must balance the
speed or computational requirement of the simulation with the need to probe
large enough domain sizes in phase-separated materials.
There also needs to be a quantum leap forward in the availability and
quality of analysis techniques for non-isotropic, phase-separated systems. Our
upcoming publication on this topic uses concepts pioneered by Sethuraman et
al. [266,267] to analyze structure and ion transport in biphasic block-copolymer
systems where ions preferentially segregate into one phase. For example, lo-
cal dynamic properties were extracted from the mean-squared displacement,
residence-time autocrrelation function, and polymer-dihedral autocorrelation
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function and segregated into “near the interface,” in the “bulk of the salt-
rich domain,” and “between the bulk and the interface” [266]. In addition,
structural properties such as the local radial distribution function and chain-
coordination number were employed to provide further insight [266, 267].
We observed ion transport occurring through a “climbing the ladder”
mechanism in polymerized ionic liquids in the simulation studies enclosed in
this dissertation. It may, therefore, be expected that such behavior contin-
ues in phase-separated, block-copolymer morphologies. Our upcoming paper
reveals a tendency for ions to move perpendicular to the interface, which is
consistent with this outcome (since polymer-backbones are expected to be
largely aligned perpendicular to the interface). However, we must extend the
trajectory far enough to observe ions entering the diffusive regime, which is
impossible when we don’t see a significant portion of ion motion occurring par-
allel to the interface. Such a result could reveal the transition that must occur
for ions, which traditionally move along two polymers, to movement among
polymers as the interface blocks motion. Future studies must look toward
modeling sufficiently mobile (dynamic and high temperature) ions, so that we
can observe the progression of ions to the diffusive regime. This should reveal
the additional transition that is likely essential for ions that “collide” with the
interface.
The interface itself is another feature of these materials that deserves
additional (or different) attention. At present, the interface is viewed as a
hard cutoff, such as a plane separating lamellar phases. Dynamic properties
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are binned based on distance from that plane, but local densities can vary
considerably within the same binned region. Polymers are particularly difficult
in this regard due to the constrained nature of the monomers. In our upcoming
paper devoted to ion transport in block-copolymer-(polymerized-ionic-liquids),
polymer coordination number indicates a heightened tendency to associate
with one polymer near the interface. This seems to be due to the low density
of the interfacial region, combined with the forced proximity of covalently
linked monomers. This behavior might lead to a unique transport mechanism
in regions of low polymerized-ionic-liquid-density, which is something that has
not been explicitly reviewed in the upcoming paper or other studies.
We feel that the study of these materials could benefit from the use
of average-residence properties, similar to the analysis of coordination-binned
diffusivities from chapter 3. For example, using the same scheme as that
proposed by Sethuraman et al. [266], one could categorize the diffusivity of ions
that spend a majority of time in the bulk, transition, and interfacial regions,
respectively. Current state-of-the-art approaches might rely on the starting
location of the ion to bin transport phenomena, but it should be obvious why
this approach is non-optimal: an instantaneous state should not determine the
long-time behavior of a given ion. This new proposed approach would require
large systems with enough ions to create a meaningful pool of classified ions
and a high-quality average for the transport property in question.
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8.2 Review of polymerized ionic liquids in confinement
Polymerized ionic liquids in confinement is one of the most exciting
and fresh areas of polymerized-ionic-liquid research. We are tantalized by re-
cent developments that suggest that polymerized-ionic-liquid conductivity may
be higher than that of an ionic-liquid counterpart in sufficiently small pores
[304]. Specifically, Tarnacka et al. synthesized 1-butyl-3-vinylimidazolium
TFSI− and characterized ion transport using broadband dielectric spectroscopy
in porous aluminum oxide substrates. They demonstrated higher conductivity
in confined geometries at roughly 250 K or lower temperatures, and even re-
ported higher conductivity for the nanoconfined polymerized ionic liquid com-
pared with that of the monomer at less than 200 K. Results further indicated
that smaller pore sizes improved this effect [304].
In 2016, the group of Sangoro pioneered the first broadband dielectric
spectroscopy method for measuring ion-transport properties in polymerized
ionic liquid thin films [126]. Such innovation is essential for experimental de-
velopment in this thrust, but at the time of this writing, little progress has
been seen using this technique. A study on electrorheological polymerized-
ionic-liquid nanocrystals materialzed in 2018, but there is limited overlap be-
tween this application and that of polymerized ionic liquids for battery elec-
trolytes [170]. Still, there is much reason for excitement due to the largely
unknown nature of ion transport in confined environments, and we suspect
that development will ensue in short order. One computational study has
been completed on confined polymerized ionic liquids [346]. There are some
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aspects of this investigation that we feel could be improved, but it represents
a good first attempt.
8.2.1 Overview of broadband dielectric spectroscopy
Broadband dielectric spectroscopy (BDS) has become of the most in-
fluential analysis methods in experimental investigations of polymerized ionic
liquids. It is critical to understand the fundamentals of BDS before analyzing
results for complex systems, such as polymerized ionic liquids in confinement.
Thus, this section has been included for the convenience of the reader. These
details, particularly equations and most collected commentary, come from the
seminal book on the subject, edited by Kremer and Schönhals: Broadband
Dielectric Spectroscopy [158]. BDS allows one to probe molecular fluctuations
and charge transport over a wide range of temperatures and frequencies [257].
It does this by inducing charge transfer via a periodic external electric field,
which oscillates at the frequency in question.
The periodic electric field can be represented by the equation
E(t) = E0 exp(−iωt). (8.8)
The complex dielectric function (permittivity), or complex compliance is gov-
erned by
ε(ω) = ε′(ω)− iε′′(ω). (8.9)
The real part of equation 8.9 is related to the energy stored reversibly during
one cycle, while the imaginary part is related to the energy dissipated during
157
one cycle. Due to the law of energy conservation, these two quantities must
be related through the Kramer-Kronig relationship [158].
Development of the model of polarization response relies on linear re-
sponse theory, which assumes that the time-dependent polarization (P (t))
follows the time-dependent electrical field (E(t)) linearly. This assumption
allows us to construct the following equation,







where ε(t)) is the time-dependent dielectric function and P∞ covers all contri-
butions related to induced polarization. As an example, for a stepwise change









Thus, ǫ(t) can be measured as the time dependent response to a stepwise
change in electric field. If the periodic electric field disturbance from equa-
tion 8.8 is applied, then equation 8.10 is transformed into the following,
P (t)(ω) = ε0(ε
∗(ω)− 1)E(t)(ω), (8.13)
where ε∗(ω) is shown in equation 8.9 [158].
Ultimately, analysis of BDS results relies upon artificial, or at least sim-
plified, models to describe polarization relaxation phenomena. The simplest
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This result is consistent with a homogeneous relaxation process, which is
characterized by a single relaxation time. The Debye function for frequency-
dependence of ǫ∗ is




where ∆ε is the dielectric strength. We can see from this equation that there
are two parameters of interest: the aforementioned dielectric strength ∆ε,
along with the characteristic Debye relaxation time τD.
These values are easily accessible on plots of the real (ε′) or imaginary
(ε′′) part of the complex dielectric function. At low frequencies, relexation
processes are fast enough to respond fully to electric-field variation, leading
to a flat response at a high-value plateau in ε′, which is indicated by εS [158].
Upon reaching a frequency that is higher than that of part of the population of
dipoles, that part does not fully respond to electric-field variation, leading to
a lower dielectric response, and the ε′ falling off the low-frequency plateau. At
the frequency ωD, which is characterized by the inflection point in ε
′ and the
maximum of ε′′, the frequency is consistent with the characteristic timescale
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As the frequency quickens, progressively fewer dipoles have time to respond
before the electric field is reversed, eventually leading ε′ to the high frequency
limit ε∞. Thus, the dielectric strength is calculated ε0 = εS − ε∞, and is the
difference between the two plateaus in ε′. It can also be calculated from the
area under the relaxation peak in ε′′ [158].
The Debye model, due to its simplicity, may not be sufficient to ex-
plain the behavior of experimental data. This is particularly true in polymeric
materials, where complex relaxation phenomena are seen to occur. One such
departure that is common in polymer materials is asymmetric broadening of
the imaginary permittivity peak, particularly at low frequency. There are sev-
eral models that fall into the “non-Debye” category, including the symmetric
Cole/Cole and the asymmetric Cole/Davidson functions. We refer the inter-
ested reader to Kremer’s book for full details on these functions. We will
focus the remainder of our discussion on the most often used empirical model
function, the Havriliak/Negami (HN) function,




where β and γ are shape parameters corresponding to symmetric and asym-
metric broadening of the complex dielectric function. Its two fitting parameters
make it easier to fit dielectric relaxation data over a wide range of frequencies
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and a diverse set of shapes. It has the additional advantage of built-in limiting
behavior that is related to the shape parameters in the following ways:
εS − ε′(ω) ∼ ωβ; ε′′(ω) ∼ ωβ (8.19)
for low frequencies and
ε′(ω)− ε∞ ∼ ω−βγ; ε′′(ω) ∼ ω−βγ (8.20)
for high frequencies [158].
Turnhout and Wübbenhorst [23] suggest analyzing the derivative form




The relaxation peaks are narrower, allowing close peaks to be more easily
resolved. Crucially, conductivity contributions play no role in this analysis be-
cause the real part is insensitive to frequency for such phenomena. This allows
electrode polarization and Maxwell/Wagner effects to be analyzed in greater
detail [158]. Many recent advances in polymerized-ionic-liquid research have
utilized this technique, especially efforts by Sokolov and coworkers [87]. Re-
searchers pursuing questions in this field should expect an increasing presence
of this method in the experimental literature.
Before moving on, we must cover an important relationship, which
connects the complex permittivity to two other important functions, which
are often cited in polymerized-ionic-liquid research. These function are the
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We could extract the qualitative behavior of these functions from this equation,
but unfortunately, we are unable to do justice to this topic within the scope
of this introduction. We refer the interested reader to Kremer’s book for a
complete discussion (chapter 3) on analyzing dielectric spectroscopy results
[158]. We will briefly introduce the topics that can be found in the book here.
The first category that they cover encompasses dipolar fluctuations.
We already covered some aspects of this analysis, with reference to the model
functions. They include extended insight, especially a discussion on model-
free analysis techniques. They then discuss patterns for fluctuations of mobile
charge carriers, or conducting ions/electrons. Specifically, this involves the
use of conductivity and modulus to simplify analysis. In this context, they in-
troduce the Barton/Nakajima/Namikawa (BNN) relationship, which suggests
proportionality between the critical frequency and the dc conductivity and has
been cited regularly in polymerized-ionic-liquid literature [61, 256]. They also
discuss the separation of charges, or charge-polarization phenomena. Explic-
itly, Maxwell/Wagner/Sillars polarization must be taken into consideration in
any material where interfaces and confinement are expected to play a cru-
cial role. For work related to polymerized ionic liquids in confinement, an
understanding of the impact of polarization on dielectric response readings is
essential for successful interpretation of experimental results.
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8.2.2 Ionic liquids in confinement: the basis of our current under-
standing
The subject of ionic liquids in confined geometries has received moun-
tainous support over the past twenty years. At the time of this writing, the
structure and dynamics of ionic liquids in confinement have been well-studied,
although most researchers would agree that many tantalizing questions re-
main. Many review articles are now dedicated to various aspects of the subject.
Aliaga et al. summarized research related to ionic liquids at solid, liquid, and
gas interfaces [4]. Other reviews focused on more specific aspects of confined-
ionic-liquid research, such as measurement techniques, features, and computer
simulations [12, 138, 156]. Chen et al. reviewed ionic-liquid clustering, espe-
cially as it relates to confined ionic liquids [57]. But, Fedorov and Kornyshev
produced arguably the most complete review of research related to confined
ionic liquids [89]. Any researcher who is looking to enter this field would be
wise to consult this reference first. In sum, the prevailing consensus is that
there is orientational ordering [10, 37, 50, 104, 136, 164, 166, 187, 287], and that
dynamics slow [282], near the interface.
One of the key considerations in confined materials is the strength and
nature of interactions with the wall. As of the time of this writing, many
wall matrials have been investigated, including silica [20, 92, 242, 250], quartz
[251, 252, 325], gold/platinum [11, 123, 174, 236, 327, 356], graphene/carbon-
nanotubes [13, 106, 143, 248, 268, 269, 337, 338], liquid/gas interfaces [3, 36, 50,
104,137,165,195,205,260], and polymers [93]. Most of these referenced studies
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were concerned with structural features of ionic liquids near interfaces, but
other studies focused on dynamic features under confinement, including ionic
liquids with polymers [263, 265], silica [167, 242], gold/platinum [174], and
generic non-chemical interfaces [108]. Research has been especially active in
confinement by graphene and carbon-nanotube surfaces, and many molecular
dynamics studies have been conducted on this subject [6,90,107,152,201,282].
Many of these studies showed a well-ordered region near the surface with en-
richment of the ion countercharged to the surface [90,107,152]. Some analyzed
dynamics, finding that center ions move faster than ions near the interface,
and overall dynamics is slower in the confined system compared with the bulk
system [282].
Other computer simulation studies have played a significant role in
shaping our understanding of ionic-liquid ordering near interfaces. Studies
on model or non-chemical ionic liquids and surfaces identified ordering near
surfaces [88, 91, 108, 142, 241, 242, 335]. There have been many attempts at
coarse-grained modeling of such systems [22,156,161], with an exhaustive dis-
cussion and reference list from Fedorov and Kornyshev prior to 2014 [89]. They
also cover a wide array of atomistic molecular dynamics studies before that
year [89], to which we refer the interested reader for in-depth evaluation.
8.2.3 Challenges and solutions for simulation research
The choice of materials for a simulation is a crucial decision, so it is
important to consider all of the prior work before selection. The properties of
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surfaces can vary with chemistry, and interactions will be dependent upon the
dispersion, hydrogen-bonding, and electrostatic interactions between the gap
material and the interface. Several groups have examined various ionic-liquid
materials in silica nanopores with varying degrees of silanization to encourage
or discourage hydrogen bonding [92,127,133]. In one key computational study,
Pinilla et al. used a generic Lennard-Jones integrated potential (9-3) for ionic
liquid between parallel walls of silica [242]. Yu et al. explored ionic liquids con-
fined by alpha-quartz, another common interface material [346]. Freitas et al.
examined mica interfaces, and provided complete documentation of the force
field parameters used in the study [97], which were based on the INTERFACE
force field created by Heinz et al. [124]. Other simulation studies have relied
on non-chemical interfaces to simplify the problem [108, 329]. Finally, many
computational studies have examined ionic liquid properties when confined to
graphene and carbon-nanotube environments [6, 90, 107, 152, 201, 282].
Recent advances in modeling interfacial environments could pave the
way for explosive growth in the field. Heinz et al. produced a comprehensive
package of energetic potentials and parameters for combined organic and in-
organic systems, the INTERFACE force field [124]. They provide an excellent
review of force field development in the supporting information package for
that work. This force field has been deployed in at least two contexts as of
this writing, once for mica and once for quartz [97, 346].
A particular challenge when modeling slab geometries is the accurate
summation of Ewald electrostatic energies. Spohr showed that appropriate
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long-range corrections are mandatory for simulations of interfacial properties
of electrolyte solutions [290]. At the time, existing truncated solutions led
to unphysical electrical fields, preventing formation of a “bulk” region in the
simulation cell. In 1999, Yeh et al. demonstrated the three-dimensional Ewald
technique [343], which is largely agreed to be the standard for these simulations
[89, 309].
Another acute challenge is the incorporation of polarizability of elec-
trodes/image forces in molecular models of electrochemical interface, which
is nontrivial and is even more computationally expensive than the three-
dimensional Ewald technique highlighted previously [89, 189, 306]. This is a
problem that we are not equipped to handle with our current approach of us-
ing average polarization behavior via constant scaled partial charges. Yu et al.
used our method of scaled partial charges, which leads us to question the validi-
tity of their approach [346]. Therefore, it may be necessary for future efforts to
use polarizable force fields, further hampering development of the field due to
large computational burdens for polymeric systems. Fedorov and Kornyshev
mention an innovative thermostat, with canonical sampling through velocity
rescaling in this context [44]. Researchers may have to embrace innovative
techniques to make these problems computationally tractable.
8.2.4 Analysis techniques deployed in confinement studies
This class of problems also requires a large berth for analysis ap-
proaches. Pinilla et al. demonstrated the use of the density distribution per-
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pendicular to the interface [242]. Ion clustering near charged surfaces can in-
dicate oscillatory organization, or simply preferential charge aggregation near
the interface, which could influence structure and dynamics. Analysis mimics
from the coordination and hopping analyses, conducted in the context of ear-
lier works in polymerized ionic liquids, would also yield potentially informative
results [147–149, 217, 346]. Carillo et al. investigated the Z-resolved collective
intermediate scattering function S(q, t, z) [51].
The Legendre polynomial (Pm(cos(θ))), where m is the order of the
polynomial, is represented by
〈Pm(cos(θ))Pm(cos(θ))〉 = exp(−m(m+ 1)Drott), (8.23)
where Drot is the rotational diffusion coefficient. As Schönhals and Kremer
explain [158], the only contributing component of the dipole vector is that
which is parallel to the outer electric field. Therefore, only the first polynomial
is considered for dielectric relaxation:
P1(cos(θ)) = cos(θ). (8.24)
They point out that for optical spectroscopy, including NMR, Raman, and





(3 cos(θ)2 − 1). (8.25)
Both of these measures have been used in past studies for analyzing the ori-
entational decay of unit bond vectors in ionic liquid confinement, and could
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be targets for use in studies on confined polymerized ionic liquids [51,92,194,
195, 242, 250].
Weyman et al. examined the probability distribution of species within
a channel and identified local mean drift velocities [329]. Density and packing
characteristics under confinement and along the confinement axis have also
been targets of analysis in the past [133, 242]. Pinilla et al. looked at a
unique free energy with an isothermal, reversible change in inter-wall distance
[242]. For polymeric confined systems, the dynamic length scale governing
glass transition and cooperatively rearranging regions has been posited to be
an important consideration [133]. Finally, gauche defects in the side-chains and
polymeric backbones could be intersting targets for data collection [92, 250].
8.2.5 Future work and open questions
So, what are the open questions that remain at the time of this writing?
What diffusion mechanism dominates near the interface, and is it distinct from
that which we observe in the bulk of a polymerized ionic liquid? What is the
role of surface roughness or curvature on structure and transport? At what
length scale does the bulk material contain inherent structural organization,
and does this play a role in determining pore sizes for interesting ion-transport
and organizational phenomena in polymerized ionic liquids?
For polymerized ionic liquids, what is the effect of the surface, com-
pared with the effect of simple polymer alignment? Since we observed the
“climbing the ladder” mechanism in bulk polymerized ionic liquids, could we
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see enhanced transport near the interface with pathways oriented parallel to
the axis of confinement? Another important question is “how do we distin-
guish the role of pore size (related to curvature and roughness), especially in
experiments where, at best, we can hope for a narrow distribution of pore
sizes” [133, 167]? With a distribution of pore sizes leading to varying rates of
relaxation and competing polarization effects due to the presence of the inter-
face, one can only hope to extract a mean conductivity from the maximum
of the imaginary modulus [304]. This means that researchers may struggle
to capture a true conductivity for experimental confined materials. Also, this
challenges the simulation researcher by clouding experimental results and mak-
ing it difficult to reliably compare effects to real systems. Finally, what role
does the interface have in determining polymer mobility [51]? And is this an
important consideration for ion mobility, or will ion-hopping keep the conduc-
tivity high, even for glassy and frozen polymer systems?
Although this section does not offer a complete review of the prior work
in this area, we hope that it has been beneficial in revealing some of the funda-
mental questions that can be explored. We think that this is an exciting area
of research that could benefit from a dedicated research strategy, which could
enable valuable contributions to the development of next-generation charge-
carriage and storage devices.
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for ionic liquids composed of triflate or bistriflylimide anions. Journal
of Physical Chemistry B, 108(43):16893–16898, 2004.
[189] M. S. Loth, Brian Skinner, and B. I. Shklovskii. Anomalously large ca-
pacitance of an ionic liquid described by the restricted primitive model.
Physical Review E - Statistical, Nonlinear, and Soft Matter Physics,
82(5):1–7, 2010.
[190] Andrew B Lowe and Charles L McCormick. Synthesis and Solution
Properties of Zwitterionic Polymers. Chemical Reviews, 102(11):4177–
4190, nov 2002.
[191] Fei Lu, Xinpei Gao, Aoli Wu, Na Sun, Lijuan Shi, and Liqiang Zheng.
Lithium-Containing Zwitterionic Poly(Ionic Liquid)s as Polymer Elec-
trolytes for Lithium-Ion Batteries. Journal of Physical Chemistry C,
121(33):17756–17763, 2017.
[192] Keran Lu, Janna K. Maranas, and Scott T. Milner. Ion-mediated
charge transport in ionomeric electrolytes. Soft Matter, 12(17):3943–
3954, 2016.
[193] Keran Lu, Joseph F. Rudzinski, William G. Noid, Scott T. Milner, and
Janna K. Maranas. Scaling behavior and local structure of ion aggre-
gates in single-ion conductors. Soft Matter, 10:978–989, 2014.
203
[194] R M Lynden-Bell, J Kohanoff, and M G Del Popolo. Simulation of inter-
faces between room temperature ionic liquids and other liquids. Faraday
Discussions, 129(0):57–67, 2005.
[195] R.M. Lynden-Bell. Gas-liquid interfaces of room temperature ionic liq-
uids. Molecular Physics, 101(16):2625–2633, aug 2003.
[196] Qiang Ma, Heng Zhang, Chongwang Zhou, Liping Zheng, Pengfei Cheng,
Jin Nie, Wenfang Feng, Yong-Sheng Hu, Hong Li, Xuejie Huang, Li-
quan Chen, Michel Armand, and Zhibin Zhou. Single Lithium-Ion Con-
ducting Polymer Electrolytes Based on a Super-Delocalized Polyanion.
Angewandte Chemie International Edition, 55(7):2521–2525, feb 2016.
[197] J Ross Macdonald. Theory of ac space-charge polarization effects in
photoconductors, semiconductors, and electrolytes. Physical Review,
92(1):4–17, 1953.
[198] J. Ross Macdonald. Simplified impedance/frequency-response results
for intrinsically conducting solids and liquids. The Journal of Chemical
Physics, 61(10):3977–3996, 1974.
[199] Guomin Mao, Ricardo Fernandez Perea, W. Spencer Howells, David L.
Price, and Marie-Louise Saboungi. Relaxation in polymer electrolytes
on the nanosecond timescale. Nature, 405(6783):163–165, 2000.
[200] Guomin Mao, Marie-louise Saboungi, and David L Price. alpha-Relaxation
in PEO - LiTFSI Polymer Electrolytes. Macromolecules, 35:415–419,
204
2002.
[201] Sha Maolin, Zhang Fuchun, Wu Guozhong, Fang Haiping, Wang Chun-
lei, Chen Shimou, Zhang Yi, and Hu Jun. Ordering layers of [bmim][PF6]
ionic liquid on graphite surfaces: Molecular dynamics simulation. The
Journal of Chemical Physics, 128(13):134504, apr 2008.
[202] M. Marcinek, J. Syzdek, M. Marczewski, M. Piszcz, L. Niedzicki, M. Kalita,
A. Plewa-Marczewska, A. Bitner, P. Wieczorek, T. Trzeciak, M. Kasprzyk,
P. Lezak, Z. Zukowska, A. Zalewska, and W. Wieczorek. Electrolytes
for Li-ion transport - Review. Solid State Ionics, 276:107–126, 2015.
[203] Yizhak Marcus. Ionic and molar volumes of room temperature ionic
liquids. Journal of Molecular Liquids, 209:289–293, 2015.
[204] Henrik Markusson, Hiroyuki Tokuda, Masayoshi Watanabe, Patrik Jo-
hansson, and Per Jacobsson. IR spectroscopy and quantum mechanical
calculations of lithium ion transport conditions in a single ion conducting
polymer electrolyte. Polymer, 45(26):9057–9065, 2004.
[205] Imee Su Martinez and Steven Baldelli. On the Arrangement of Ions in
Imidazolium-Based Room Temperature Ionic Liquids at the Gas-Liquid
Interface, Using Sum Frequency Generation, Surface Potential, and Sur-
face Tension Measurements. The Journal of Physical Chemistry C,
114(26):11564–11575, jul 2010.
205
[206] L. Martinez, R. Andrade, E.G. Birgin, and J.M. Martinez. Packmol:
A Package for Building Initial Configurations forMolecular Dynamics
Simulations. Journal of computational chemistry, 30(13):2157–2164,
2009.
[207] Glenn J. Martyna, Douglas J. Tobias, and Michael L. Klein. Con-
stant pressure molecular dynamics algorithms. The Journal of Chemical
Physics, 101(September):4177–4189, 1994.
[208] Jesse G McDaniel, Eunsong Choi, Chang-Yun Son, J R Schmidt, and
Arun Yethiraj. Conformational and Dynamic Properties of Poly(ethylene
oxide) in an Ionic Liquid: Development and Implementation of a First-
Principles Force Field. Journal of Physical Chemistry B, 120(1):231–
243, 2016.
[209] David Mecerreyes. Polymeric ionic liquids: Broadening the properties
and applications of polyelectrolytes. Progress in Polymer Science (Ox-
ford), 36(12):1629–1648, 2011.
[210] Kelly M Meek and Yossef A Elabd. Polymerized ionic liquid block
copolymers for electrochemical energy. J. Mater. Chem. A, 3:24187–
24194, 2015.
[211] Kelly MMeek, Sharon Sharick, Yuesheng Ye, Karen I Winey, and Yossef A
Elabd. Bromide and Hydroxide Conductivity-Morphology Relation-
ships in Polymerized Ionic Liquid Block Copolymers. Macromolecules,
48(14):4850–4862, 2015.
206
[212] Naveen Michaud-Agrawal, Elizabeth J Denning, Thomas B Woolf, and
Oliver Beckstein. MDAnalysis: A toolkit for the analysis of molecular
dynamics simulations. Journal of Computational Chemistry, 32(10):2319–
2327, jul 2011.
[213] Santosh Mogurampelly, Oleg Borodin, and Venkat Ganesan. Computer
Simulations of Ion Transport in Polymer Electrolyte Membranes. An-
nual Review of Chemical and Biomolecular Engineering, 7(1):349–371,
2016.
[214] Santosh Mogurampelly and Venkat Ganesan. Effect of nanoparticles on
ion transport in polymer electrolytes. Macromolecules, 48(8):2773–2786,
2015.
[215] Santosh Mogurampelly and Venkat Ganesan. Ion Transport in Polymer-
ized Ionic Liquid–Ionic Liquid Blends. Macromolecules, 51:acs.macromol.8b01460,
2018.
[216] Santosh Mogurampelly, Jordan Keith, and Venkat Ganesan. Structural
Relaxations of Ion Association Facilitate Ion Transport in Polymerized
Ionic Liquids. Journal of the American Chemical Society, 139(28):9511–
9514, 2017.
[217] Santosh Mogurampelly, Jordan R. Keith, and Venkat Ganesan. Mecha-
nisms Underlying Ion Transport in Polymerized Ionic Liquids. Journal
of the American Chemical Society, 139(28):9511–9514, 2017.
207
[218] Anirban Mondal and Sundaram Balasubramanian. Quantitative Pre-
diction of Physical Properties of Imidazolium Based Room Temperature
Ionic Liquids through Determination of Condensed Phase Site Charges:
A Refined Force Field. Journal of Physical Chemistry B, 118:3409–3422,
2014.
[219] Jagannath Mondal, Eunsong Choi, and Arun Yethiraj. Atomistic Simu-
lations of Poly ( ethylene oxide ) in Water and an Ionic Liquid at Room
Temperature. Macromolecules, 47:438–446, 2013.
[220] Katrina Irene S Mongcopa, Madhusudan Tyagi, Jonathan P Mailoa,
Georgy Samsonidze, Boris Kozinsky, Scott A Mullin, Daniel A Gribble,
Hiroshi Watanabe, and Nitash P Balsara. Relationship between Seg-
mental Dynamics Measured by Quasi-Elastic Neutron Scattering and
Conductivity in Polymer Electrolytes. ACS Macro Letters, 7(4):504–
508, apr 2018.
[221] Charles Monroe and John Newman. The Impact of Elastic Deformation
on Deposition Kinetics at Lithium/Polymer Interfaces. Journal of The
Electrochemical Society, 152(2):A396, 2005.
[222] Timothy I Morrow and Edward J Maginn. Molecular Dynamics Study of
the Ionic Liquid 1- n -Butyl-3-methylimidazolium Hexafluorophosphate.
The Journal of Physical Chemistry B, 106(49):12807–12813, 2002.
[223] Marcus Müller and Juan J. de Pablo. Computational Approaches for
208
the Dynamics of Structure Formation in Self-Assembling Polymeric Ma-
terials. Annual Review of Materials Research, 43(1):1–34, 2013.
[224] Kenji Nakamura, Koji Fukao, and Tadashi Inoue. Dielectric relaxation
and viscoelastic behavior of polymerized ionic liquids with various coun-
teranions. Macromolecules, 45(9):3850–3858, 2012.
[225] Kenji Nakamura, Tatsuya Saiwaki, and Koji Fukao. Dielectric relax-
ation behavior of polymerized ionic liquid. Macromolecules, 43(14):6092–
6098, 2010.
[226] Kenji Nakamura, Tatsuya Saiwaki, Koji Fukao, and Tadashi Inoue. Vis-
coelastic Behavior of the Polymerized Ionic Liquid Poly(1-ethyl-3-vinylimidazolium
bis(trifluoromethanesulfonylimide)). Macromolecules, 44(19):7719–7726,
2011.
[227] Sylvie Neyertz and David Brown. Local structure and mobility of ions
in polymer electrolytes: A molecular dynamics simulation study of the
amorphous PEO <sub> <i>x</i> </sub> NaI system. The Journal
of Chemical Physics, 104(10):3797–3809, 1996.
[228] P. Nikunen, M. Karttunen, and I. Vattulainen. How would you integrate
the equations of motion in dissipative particle dynamics simulations?
Computer Physics Communications, 153(3):407–423, 2003.
[229] Naomi Nishimura and Hiroyuki Ohno. 15th anniversary of polymerised
ionic liquids. Polymer (United Kingdom), 55(16):3289–3297, aug 2014.
209
[230] Hiroyuki Ohno. Ohno - molten salt type polymer electrolytes. Elec-
trochimica Acta, 46:1407–1411, 2001.
[231] Hiroyuki Ohno. Functional design of ionic liquids. Bulletin of the
Chemical Society of Japan, 79(11):1665–1680, 2006.
[232] Hiroyuki Ohno and Kaori Ito. Room-Temperature Molten Salt Polymers
as a Matrix for Fast Ion Conduction. Chemistry Letters, 27:751–752,
1998.
[233] Hiroyuki Ohno, Masahiro Yoshizawa-Fujita, and Yuki Kohno. Design
and properties of functional zwitterions derived from ionic liquids. Phys-
ical Chemistry Chemical Physics, 20(16):10978–10991, 2018.
[234] Michael V. O’Reilly, Hanqing Masser, Daniel R. King, Paul C. Painter,
Ralph H. Colby, Karen I. Winey, and James Runt. Ionic aggregate
dissolution and conduction in a plasticized single-ion polymer conductor.
Polymer (United Kingdom), 59:133–143, 2015.
[235] I Pagonabarraga, M H J Hagen, and D Frenkel. Self-consistent dissipa-
tive particle dynamics algorithm. Europhys. Lett., 42(4):377–382, may
1998.
[236] Tamás Pajkossy, Claus Müller, and Timo Jacob. The metal–ionic liq-
uid interface as characterized by impedance spectroscopy and in situ
scanning tunneling microscopy. Physical Chemistry Chemical Physics,
20(33):21241–21250, 2018.
210
[237] Moon Jeong Park. Confinement-entitled morphology and ion transport
in ion-containing polymers. Molecular Systems Design & Engineering,
4(2):239, 2019.
[238] M. Parrinello and A. Rahman. Polymorphic transitions in single crys-
tals: A new molecular dynamics method. Journal of Applied Physics,
52(12):7182–7190, 1981.
[239] Danielle M Pesko, Michael AWebb, Yukyung Jung, Qi Zheng, Thomas F
Miller, Geoffrey W Coates, and Nitash P Balsara. Universal Relation-
ship between Conductivity and Solvation-Site Connectivity in Ether-
Based Polymer Electrolytes. Macromolecules, 49(14):5244–5255, jul
2016.
[240] C Peter and K Kremer. Multiscale simulation of soft matter systems.
Faraday Discussions, 144:9, 2010.
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